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by Frédérique Larrarte and Hubert Chanson 
 
The International Meeting on Measurements and Hydraulics of Sewers (IMMHS'08) was organised 
by the Water and Environment Division of the Laboratoire Central des Ponts et Chaussées (LCPC) 
to foster interactions between industry professionals, researchers and university academics on the 
topics of experiences and challenges in sewers including measurements and hydrodynamics. The 
International Meeting was held at the Bouguenais site of the LCPC, Nantes (France) on 19-21 
August 2008 under the sponsorship of the Groupement pour l'Evaluation des Mesures en Continu 
dans les Eaux et en Assainissement (GEMCEA) and the Laboratoire Central des Ponts et Chaussées 
(LCPC). Two half-day technical tours included some field measurements in the sewer network of 
the city of Nantes (France) (Photographs No. 1 and 2). 
The IMMHS'08 meeting addressed conventional and innovative aspects of sewer measurements, 
hydrodynamics, sediments and sedimentation, design, operation, rehabilitation, and interactions 
with the urban environment. The main themes of the meeting embraced measurements and 
hydraulics of sewers, sediments and organic matters, hydraulic structures in urban drainage and 
sewer systems, as well as numerical modelling. 
This meeting provided an opportunity for researchers, engineers, managers, and engineers in both 
public and private sectors to present field experiences, reflections, plans, and preliminary results of 
their own research in an inspiring, friendly, co-operative, and non-competitive environment. The 
event was attended by 20 participants and by several national and international experts from 
industry, industrial research laboratory and university. In total, 8 lectures were presented during the 
five sessions, and several working discussions took place between formal presentations. A total of 3 
countries were represented during the event, namely Australia, France and United Kingdom. 
A main feature of the meeting was the direct interactions between a wide range of professionals and 
researchers working on a broad range of relevant topics, including operational issues, sediments and 
turbidity, mud rheology, H2S, and flow measurements. Another interesting aspect of this event was 
the stimulating debates during and after the presentations, as well as during the subsequent 
discussions and the field measurements. 
The publication of the meeting proceedings marked the successful conclusion of this event. The 
proceedings were edited by the International Meeting organiser, Dr Frédérique Larrarte, and one 
participant, Prof. Hubert Chanson. They contain 7 papers involving 13 authors from 4 countries and 
3 continents, and 4 pages of photographs taken during the presentations and technical visits. Each 
paper was peer-reviewed by a minimum of two experts, and its inclusion in the proceedings was 
based upon the advice of the reviewers. 
 
Initialement, l'idée était l'organisation d'une école d’été "Sédiments en réseau" pour permettre des 
échanges entre les divers participants d’un projet de recherche impliquant à la fois des chercheurs 
du Réseau Scientifique et Technique du Ministère de l'Écologie, de l'Énergie, du Développement 
durable et de l'Aménagement du Territoire et des organismes membres du Groupement pour 
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l'Evaluation des Mesures en Continu dans les Eaux et en Assainissement (GEMCEA). Divers 
concours de circonstance ont permis la participation du Professeur S. Tait, de l'Université de 
Bradford (Royaume Uni), et du Professeur H. Chanson, de l'Université du Queensland (Australie). 
Cette école s'est transformée en un séminaire international sur les mesures et l'hydraulique des 
réseaux d’assainissement. Il a été organisé du 19 au 21 août 2008 à Bouguenais (France) par la 
Division Eau et Environnement du Laboratoire Central des Ponts et Chaussées, avec le soutien du 
Groupement pour l'Evaluation des Mesures en Continu dans les Eaux et en Assainissement 
(GEMCEA), et l'aide logistique de la Direction de l’Assainissement de Nantes Métropole. 
Ce séminaire a comporté des présentations de travaux de recherches, mais également des retours 
d’expérience notamment sur la mise en œuvre de la débitmètrie par traçage chimique, ou la 
turbidimétrie, ou encore des présentations des problèmes liés à la présence de dépôts sédimentés et 
d’hydrogène sulfurée dans les réseaux d’assainissement urbain. Les participants ont également pu 
prendre part à deux matinées d’expériences sur le terrain qui ont été l'occasion, pour certains, de 
découvrir les spécificités des mesures dans des collecteurs, telles que par exemple les conditions 
non contrôlées du point de vue de l’hydraulique, mais également contraintes de sécurité. 
La publication de ces actes marque la conclusion de ce séminaire. Les actes sont édités par 
l’organisatrice du séminaire, Dr. Frédérique Larrarte, et le Professeur Hubert Chanson qui prit part 
à ces journées. Ces actes contiennent 7 articles impliquant 13 auteurs de 4 pays et 3 continents. 
Chaque article a été relu par au moins 2 experts, et l'inclusion de l'article dans les actes est basée sur 
l'avis scientifique des examinateurs. 
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1. INTRODUCTION 
Early civilisations built drainage systems in urban areas to handle storm runoff. The Romans, in 
particular, constructed elaborate systems that drained also the wastewaters from the public baths. A 
remarkable sewer system was the Cloaca Maxima (1) in Rome (Fig. 1). Originally an open channel 
constructed in the 6th century BC, the stone channel was enclosed during the 3rd century BC with a 
semicircular vault (Platner and Ashby 1929, Hodge 1992, Viollet 2000,2007). Its primary function 
was to carry off storm waters from the Forum district to the Tiber River, but large public baths and 
latrines were connected to it in later times. The original masonry was later replaced by concrete. 
 
 
Figure 1 - The mouth of the section of the Cloaca Maxima across from S. Giorgio in Velabro, 
Rome (Italy) (Courtesy of William P. Thayer) 
 
                                                 
1 In Latin, cloaca means sewer. 
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(A) Combined sewer in Nantes (Courtesy of LCPC) 
(B) Pont de l'Alma, Paris (France) (Courtesy of Thomas Zundel) 
Figure 2 - Large sewer channels in Nantes and Paris (France) 
 
Until the 19th century, the living conditions in urban areas of western countries were horrific: e.g., 
the cholera epidemic killed 18,000 people in 1832 in Paris (France). Epidemics of typhoid and 
cholera, in particular, spurred interests for pure drinking water and sanitation. Reforms saw the 
constructions of sewer systems in major cities, like Paris, London and in North-America during the 
1850s to 1900s, and later the generalisation of sewer systems in smaller cities and towns (Chocat 
1996). The first sewers were designed to carry all the waste waters away from the urban areas. It 
was the "all to the sewer" ('tout à l'égout') era and the sewers were combined (Fig. 2 and 3). 
In the mid 20th century, the limitations of the combined sewer system emerged with the rapid 
urbanisation, the increasing water consumption and the construction of wastewater treatment plants. 
From then, the dual systems were promoted with a separate rainwater drainage sewer. In a dual 
system, the foul drainage waters are carried to the treatment plants, while the surface water drainage 
waters are transported directly to the receiving water bodies. Nowadays, urban sanitary systems are 
a combination of combined sewer systems and dual systems, reflecting the history of each city. 
New sections of the network are dual systems, but they are often connected to older combined 
sections (e.g. Fig. 3A). Figure 3A shows small circular foul pipe and a bigger circular rain pipe 
flowing into a combined channel. Depending on the flow rate, age of the pipe, local context, sewer 
channels are made of PVC (especially popular for sizes less than 0.3 m in diameter), cast iron, clay, 
or concrete. Stones channels still exist in some places (Fig. 3B). Figures 2 and 3 present some 
relatively large sewer channels. Figure 3 show some combined sewer system sections in Nantes. 
Most sewers operate as free-surface flows (Fig. 3) and the water level rises and falls in response to 
perturbations to the flow (Fig. 4). Figure 4 presents a one month record of water level, flow velocity 
and discharge in a combined sewer channel, highlighting the large fluctuations in flow rates, even 
on a hourly and daily basis, with some rainfall events on 6, 8, 15, 16 and 17 June 2001.  
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(A) Small channel junction (Courtesy of LCPC) 
(B) Stone channel in the oldest part of Nantes sewer network (Courtesy of LCPC) 
 
   
(C) Large channel junction (Courtesy of LCPC) 
(D) Access manhole at the Jardin des Plantes section 
Figure 3 - Combined sewer channels in Nantes (France) 
 
The primary role of sewers is to carry the wastewaters, or sewage, to a treatment plant. Domestic 
sewage contains typically 98% water and 2% solids, although the exact proportions may vary. 
Sewage treatment entails the removal of organic matter, usually accomplished in two stages. In the 
primary stage, sewage is treated to remove large debris and heavy or large particles. The secondary 
treatment of sewage purifies the wastewaters to produce an effluent clean enough for discharge 
(Fig. 5). Sludge from both primary and secondary treatments is collected from the various stages, 









































Figure 4 - Water level, flow velocity and discharge measurements in a combined sewer (Data: 
Larrarte 2006) - Sewer section Cordon Bleu, Nantes (France), sampling every 5 minutes 
 
   
(A) Aeration tank (Courtesy of LCPC) 
(B) Dry sewage sludges with a solid content about 20% in weight (Courtesy of Bill Clarke) 
Figure 5 - Sewage treatment 
 
2. ECONOMICAL CONSIDERATIONS 
In France alone, 23.6 millions of dwellings are connected to 373,300 km of conduits (Data: Institut 
Français de l'Environnement 2008). The construction costs of the wastewater networks alone are 
estimated at 4.5 billions of Euros (2) (Data: Institut Français de l'Environnement 2008). A major 
                                                 
2 in 2005 Euros. 
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challenge is the sedimentation of the sewage systems (Aflak et al. 2007) despite the European norm 
NF EN 14654-1 on management and maintenance highlighting the notions of performances of 
sewage networks. The same European norm NF EN 14654-1 states explicitly the critical impact of 
sedimentation.  
Sediment deposits represent a huge amount of materials. For example, Nantes, a urban area of 
500,000 inhabitants, has two main treatment plants and a 2,000 km long sewer network. Each year 
134 km of sewer sections are cleaned regularly and 2,000 tons of sediments are removed, 
representing 8,000 hours of work (Fig. 6) (Riochet 2008). The quantification of solids settled during 
dry weather conditions represents a major environmental concern since the erosion of dry weather 
sediment deposits represents typically 30 to 40% of urban waste-waters outputs during dry weather 
conditions, and even up to 80% in some cases like the Marais sector in Paris (Ashley et al., 2004) 
(Fig. 7). While there is a broad consensus on the needs to reduce the pollutant outputs in all 
systems, Ashley et al. (2003) highlighted the limitations in the current expertise in sewer sediment 
processes, in particular in the interfacial zone between deposit and suspended load. 
 
   
(A) Technical staff curing a large sewer channel section with a flood gate (looking at the upstream 
side) (Courtesy of LCPC) 
(B) Downstream side of the flood gate (Courtesy of LCPC) 
Figure 6 - Sedimentation in a combined sewer (Nantes, France) 
 
3. SEWER HYDRODYNAMICS AND SEDIMENTS 
Most large sewer channels operate as free-surface flows (Fig. 3 and 7). In these open channel flows, 
the free surface rises and falls in response to changes in discharges, channel slope and width (Fig. 
4). The driving force of the flow motion is primarily gravity (e.g. sloping channel), sometimes in 
combination with pressure (e.g. in an inverted siphon). For a given flow rate, the primary unknowns 
are the location of the free surface (or flow depth) which is not known beforehand and the flow 
velocity. 
The fundamental principles of hydraulic engineering are the equations of continuity or conservation 
of mass, of momentum or conservation of momentum, and conservation of energy (Henderson 
6 
1966, Chanson 1999, Hager 1999). Another equation is the Bernoulli equation which may be 
derived from the differential form of the momentum principle (Liggett 1993, Chanson 1999,2006). 
Open channel hydraulics is possibly the most complicated field in fluid mechanics. For a given flow 
rate, there is an infinity of solutions depending upon the bed slope, boundary friction and channel 
cross-sectional shape. Further the three-dimensional turbulent flow motion is complicated, in 
particular in non-rectangular channels (e.g. Montes 1998, Bonakdari et al. 2008). 
But even so, traditional clear-water hydraulics cannot predict the cross-sectional changes of sewer 
channels caused by the sediment transport processes (deposition, blockage, erosion) (Fig. 6). Figure 
6 illustrates the removal of large amount of sediment deposits in a combined sewer channel. It is 
now recognised that sediment motion is characterised by strong interactive processes between water 
runoff, sediment erosion resistance, topography of the channel, and stream discharge. In sewers, 
sediments include a wide range of particle sizes ranging from tens of microns to tens of centimetres 
(Tait 2008). The particles can be inorganic or organic in nature, and their chemical and biological 
features present significant variations. Sewage sludge and wastewater treatment residues exhibit 
non-Newtonian characteristics, including thixotropy (3) (Coussot 1997, Tabuteau et al. 2004). Such 
non-Newtonian behaviour is very rarely accounted for in open channel hydraulic calculations and 
numerical modelling, although sediment mass flux predictions are intricately linked with the 
sediment sludge properties, including yield stress, apparent viscosity and degree of jamming. In 
open channels including sewers, numerous failures resulted from the inability of engineers to 
predict sediment motion and mass fluxes despite recent advances. Riochet (2008) presents some 
superb illustrations of the practical issues facing the operators. 
 
  





(A) Sediment sampling from the invert of a combined sewer (Courtesy of LCPC) 
(B) Combined sewer overflow and the channel going to the receiving waters (Courtesy of LCPC) 
Figure 7 - Operational details of sewer systems 
                                                 
3 Thixotropy is the characteristic of a fluid to form a gelled structure over time when it is not 
subjected to shearing and to liquefy when agitated. 
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In sewer management, the predictions of the mass fluxes remain challenging (Lipeme Kouyi et al. 
2008, Tait 2008). The calculations need to be validated and checked with field measurements of 
both water discharges and sediment fluxes despite the limitations of instrumentation and the limited 
accuracy (Aumond and Mabilais 2008, Chanson 2008, Larrarte and Cottineau 2008). 
 
4. STRUCTURE OF THE PROCEEDINGS 
This series of peer-reviewed proceedings papers starts with a presentation on sedimentation in large 
combined sewage systems and the perspectives of an operator (Riochet 2008). It is followed by a 
series of three papers on field measurements, instrumentation development and applications 
(Larrarte and Cottineau 2008, Aumond and Mabilais 2008, Chanson 2008). The last contributions 
deal with sediment management issues (Tait 2008, Lipeme Kouyi et al. 2008). 
A key feature of all these contributions is the practical knowledge gained in the last ten to fifteen 
years, and a particular effort was made by all contributors to share both positive and negative 
experiences. All the authors are active professionals and researchers involved in the field. Their 
experience and expertise regroup a broad range of relevant topics, including operational issues, 
sediments and turbidity, and flow measurements. Lastly the proceedings were prepared and edited 
after the International Meeting on Measurements and Hydraulics of Sewers (IMMHS'08, 19-21 
August 2008), allowing each contributor to benefit from the presentations, exchanges and field 
measurement experience during the event. 
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LA SEDIMENTATION DANS LES RESEAUX UNITAIRES VISITABLES: 
LE POINT DE VUE D’UN EXPLOITANT 
SEDIMENTATION IN LARGE COMBINED SEWAGE SYSTEMS: 
PERSPECTIVES OF AN OPERATOR 
 
Bertrand Riochet 
Opérateur Public, Direction de l’Assainissement, Nantes Métropole, 44 Nantes, France - Email: 
Bertrand.riochet@nantesmetropole.fr 
 
Résumé: Les ouvrages de décantation répartis sur le réseau unitaire visitable ne suffisent pas à 
piéger l’ensemble des matières solides transportées par les effluents. Certains collecteurs ont une 
pente très faible pouvant faire apparaître la formation de dépôts. Les opérations de curage du réseau 
unitaire visitable nécessitent souvent la mise en œuvre de moyens humains et matériels 
conséquents. Un des objectifs recherchés par l’Opérateur Public d’Assainissement est de limiter la 
durée de ces interventions souvent pénibles pour le personnel et source de nuisances pour les 
riverains (bruit, odeurs…). Cet article présente les outils actuellement utilisés et les travaux 
effectués pour améliorer les techniques de curage des collecteurs visitables. 
 
Abstract: Combined sewers are designed to convey waste waters to a treatment plant. When the 
flow conditions do not allow the solid matters to be maintained suspension, the sediments deposit 
along the sewer system. The managers and operators of a network have to clean those sediment 
deposits. The operations require a lot of human and material resources, and efforts must aim to 
minimise the length of the cleansing operation because it is difficult task for the workforce that 
generates some nuisance (noises, odours, ...) for the neighbourhood. This paper presents the case 
study of the Nantes Métropole Sewer Authority (France). The man-entry part of the sewer network 
is located in the central area of Nantes city. This man-entry part represents about 120 km of the 
combined sewer channels with internal heights greater than 1.2 m. Current cleaning methods are 
presented including the sewer cleaning truck and the Hydrass floodgate. The truck technique has 
been improved to use the sewer channel water rather than tap water. The floodgate Hydrass is 
designed to create a surge by alternating closure and rapid opening (Fig. 3 & 4). After closure, the 
water behind the gate rises until a defined level, when the gate tilts. The rapid opening creates a 
surge wave flushing the downstream deposits. One limitations of the self-opening gate is its fixed 
location and its limited influence, typically about 150 m downstream of the gate. To avoid such 
limitations, Nantes Métropole Sewer Authority developed a new self cleaning, unmanned tool (Fig. 
5 & 7). The key design principle is to reduce the flow cross section, increasing locally the velocity 
to scour the sediment deposits. This new carriage tool is pushed by the flow itself and it is self-
cleaning. While human resources are required to install and remove the carriage, its advance and 
operation within the sewer channel does not require any human operator. It can be used to clean a 
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fairly long section of channel, and its operation requires simply that the cross section remains 
constant. 
 
Mots-clé: exploitant, dépôts sédimentaire, développement d’outil, curage, assainissement. 
Keywords: sewer management, sediment deposit, tool development, sedimentation, cleansing, self-
cleaning unmanned carriage. 
 
1. INTRODUCTION 
La partie unitaire visitable du réseau d’assainissement urbain de la Communauté Urbaine de Nantes 
est dans sa quasi-totalité située sur la partie centrale de la ville de Nantes. On estime à environ 120 
km le linéaire de réseau visitable, considérant que les collecteurs sont visitables à partir de 1,20 m 
de hauteur. 
Les ouvrages de décantation répartis sur le réseau unitaire visitable ne suffisent pas à piéger 
l’ensemble des matières solides transportées par les effluents (Laplace et al. 1993). Certains 
collecteurs ou certaines portions de collecteurs ont une pente très faible et présentent un taux 
d’encrassement qui peut atteindre jusqu’à 35% de la hauteur de l’ouvrage. Ces collecteurs 
demandent une attention particulière et des interventions régulières (1 fois par an en moyenne). Ces 
opérations de curage du réseau unitaire visitable nécessitent souvent la mise en œuvre de moyens 
humains et matériels conséquents. Un des objectifs recherchés par l’Opérateur Public 
d’Assainissement est de limiter la durée de ces interventions souvent pénibles pour le personnel et 
source de nuisances pour les riverains (bruit, odeurs, …). Dans un souci permanent d’amélioration 
nous procédons régulièrement, en collaboration avec les fournisseurs de matériel de curage, à des 
essais de matériel sur site. Cet article présente les outils actuellement utilisés et les travaux 
effectués pour améliorer les techniques de curage des collecteurs visitables. 
 
  
(a) Dans un collecteur - In a sewer channel    (b) Détail - Details 
Figure 1 - Chariot vanne 
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Figure 1 - Flood gate carriage 
 
 
Figure 2 - Camion hydrocureur «classique» 
Figure 2 - "Classical" sewer cleaning truck 
 
2. MATERIELS 
2.1. Matériel actuel 
D’une manière générale, les opérations de curage sont réalisées soit avec des chariots vanne (Figure 
1), soit avec des hydrocureurs (Figure 2). Les hydrocureurs, qui sont de plus en plus performants, 
sont fréquemment utilisés pour le curage des collecteurs visitables et limitent ainsi les interventions 
manuelles dans les ouvrages. 
 
2.2 Vannes Hydrass 
Le procédé mis au point par la Société Hydrass permet de répondre en partie aux problèmes 
rencontrés (Bertrand-Krajewski et al. 2003, 2005). Les dispositifs installés dans les collecteurs 
fonctionnent sur le principe de l’onde de crue (Figure 3). Une vanne pivotante est positionnée à 
l’aide d’un cadre fixé dans l’ouvrage. L’axe de rotation est situé de manière à créer dans un premier 
temps un barrage et donc une mise en charge du collecteur en amont de la vanne. Dans un second 
temps la hauteur d’eau et la poussée dynamique font basculer la vanne en position horizontale et 
libèrent une vague qui remet en suspension les matières accumulées en aval. La vanne se referme 
automatiquement lorsque le niveau de l’effluent est redescendu sous l’axe de rotation (Figure 4). Le 
cycle se répète ainsi en fonction du débit transité et les matériaux accumulés sont remis en 
suspension par vagues successives. 
Ce dispositif permet de déplacer les matières décantées sur environ 150 m. Plusieurs cadres peuvent 
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ainsi être placés dans un même collecteur en fonction du linéaire à traiter. 
 
 
Figure 3 - Schéma de principe de la vanne Hydrass à cadre fixe 
Figure 3 - Sketch of the Hydrass floodgate 
 
Ces outils de curage sont efficaces si certaines conditions hydrauliques sont réunies. Les débits 
amont notamment doivent être conséquents pour que les cycles ouverture fermeture de la vanne 
soient le plus nombreux possibles. En effet, la vanne en position fermée joue le rôle d’un bassin de 
stockage et si les temps de séjours sont trop longs, on retrouve les phénomènes de dégagement 
d’odeurs et d’accumulation de graisses. 
D’autres systèmes mobiles utilisant le même principe de fonctionnement peuvent également être 
mis en place dans les réseaux. Ces outils se déplacent en fonction de la charge d’eau amont et du 
niveau d’ensablement aval. La mise en place de ce type d’outil nécessite néanmoins une étude plus 
complète et très fine du réseau à curer. Il faut que le profil en travers du collecteur soit assez 
régulier et il faut prendre en compte les collecteurs secondaires raccordés dans l’ouvrage à curer qui 
peuvent perturber la progression de la vanne mobile. 
 
2.3 Développement d’un nouvel outil 
L’idée est de réduire la section droite de l’ouvrage à curer pour augmenter la vitesse de l’effluent et 
ainsi remettre les matières en suspension. Le principe utilisé est donc un peu différent du système 
utilisé par les vannes Hydrass mais, comme ces vannes, cet outil est mobile et donc il convient de 




Figure 4 - Vanne Hydrass en position fermée 
Figure 4 - Hydrass floodgate in closed position 
 
L’opérateur public d’assainissement dispose d’un atelier de mécanique et de métallerie qui permet 
de mettre au point des nouveaux outils de curage. On voit sur la Figure 5 la forme de l’outil de 
curage. Il est dimensionné pour se déplacer dans la partie inférieure de l’ouvrage appelée cunette 
(1,20 m de large par 0,80 m de profondeur). Réalisé en inox, il est constitué d’un racleur sur sa 
partie avant et de plusieurs réservoirs étanches qui sont remplis d’eau au moment de la mise en 
place dans le collecteur afin de limiter sa vitesse de déplacement. En effet, il doit d’une part être 
suffisamment léger pour les opérations de transport, de descente dans l’ouvrage et de sortie en fin 
de cycle de curage et d’autre part suffisamment lourd pour s’appuyer sur le radier du collecteur. 
Les premiers essais ont été réalisés Quai de la Fosse à Nantes (France) sur un linéaire d’environ 3 
km. L’ouvrage est un émissaire ovoide de 2,80 m de haut sur 2 m de large par lequel transitent des 
débits importants (Figure 6). Les variations de débits sont également très importantes entre le débit 
de temps sec et les débits par temps de pluie. Nous avons remarqué lors de ces premiers essais un 
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déplacement rapide de l’engin et un manque de stabilité. Il n’a donc pas complètement répondu à 
nos attentes. Ces premiers essais ont permis de vérifier notamment que l’engin ne s’est pas bloqué 
dans les parties courbes du collecteur. Nous avons constaté après son passage la présence de sables 
et de matières décantées en quantité importante. L’engin a donc franchi les obstacles formés par les 
bancs de sables sans les déplacer. 
Nous avons alors modifié l’outil en ajoutant un mât sur la partie arrière pour le stabiliser. Par 
ailleurs, un masque incliné a été placé à l’avant pour ajouter un effet de pression qui fait « plonger » 
la machine. Ce dispositif permet de bien plaquer l’avant de la machine au fond du radier pour 
récupérer un maximum de matériaux déposées. De nouveaux essais ont permis de vérifier 
l’efficacité des aménagements effectués. Ce dispositif est donc opérationnel (Figure 7). Il nécessite 
en amont et en aval du tronçon à traiter des ouvertures adaptées pour descendre et sortir la machine. 
Par ailleurs, l’outil ne peut être utilisé que pour des collecteurs dont le profil en travers est 
identique. Ces remarques sont valables pour tous les outils de curage mobiles. 
 
 
Figure 5 -Schémas du principe de fonctionnement de l'outil de curage 




Figure 6 - Profil en travers de l’ouvrage Quai de la Fosse 
Figure 6 - Cross section of Quai de la Fosse sewer channel 
 
 




(b) En action - In operation 
Figure 7 - Nouvel outil de curage 
Figure 7 - New self-cleaning unmanned tool 
 
3. PERSPECTIVES 
La plupart des exploitants de réseaux unitaires visitables sont confrontés aux mêmes contraintes 
d’intervention dans les ouvrages. Il conviendrait donc de poursuivre ou de relancer la réflexion 
engagée par certaines collectivités territoriales sur les problématiques de gestion de réseau unitaire 
visitable. 
Un groupe constitué à l’initiative de la Direction de l’Eau du grand Lyon a déjà regroupé en 2004 la 
Ville de Paris, Marseille, la Ville de Rennes, le département de Marne la Vallée et l’INSA de Lyon. 
Les sujets abordés portaient entre autre sur la caractérisation des dépôts, sur la conception des 
ouvrages, sur l’efficacité des outils de curage, sur la contribution des dépôts aux flux polluants, sur 
les outils d’aide à la gestion des dépôts (bases de données, modèles de calcul, capteurs..). 
Bref, autant de sujets qui peuvent aussi intéresser des universitaires et/ou des chercheurs. Il faut 
donc en parallèle, développer ou renforcer les partenariats avec les organismes travaillant dans ces 
domaines de compétence pour mettre en place des actions « recherche-développement » qui, à partir 
d’observation et d’expérimentations scientifiques in situ, devraient déboucher sur des applications 
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Abstract: The quality of field measurements in sewer systems relies on the spatial 
representativeness of the measurements. This study aims at field measurements of both velocity and 
total suspended solids (TSS) using a two dimensional sampler called Hydre. The device was 
implemented, tested and used in a sewer system for a range of hydraulic situations. This paper 
presents the principles of development and conception of the instrument. Analyses of the results 
demonstrate the ability of the device to provide robust TSS and velocity profiles in sewers for a 
range of flow conditions. 
 
Résumé: L’évaluation des flux de polluants transitant dans les réseaux d’assainissement dépend 
notamment de la représentativité spatiale des mesures de vitesses et de concentrations en matières 
en suspension. Cette problématique a été étudiée expérimentalement par des mesures dans des 
réseaux urbains. Un échantillonneur bidimensionnel, appelé Hydre, a été développé et installé dans 
un collecteur. Il a permis d’étudier la répartition spatiale des vitesses et des concentrations pour une 
large gamme de contextes hydrauliques. Cet article présente la conception de cet échantillonneur. 
Les résultats sont présentés et discutés. Ils montrent la bonne homogénéité des concentrations dans 
la section mouillée. 
 
Keywords: velocity profiles, total suspended solids, instrumentation, sewer. 
 
1. INTRODUCTION 
Two phase particle-laden flows have a wide range of applications related to water although the 
quantification of the solid mass remains a important question. For example, Pont et al. (2002) and 
Leecaster et al. (2002) discussed the spatial and temporal sampling representativity and strategy. In 
Europe, the May 1991 and October 2000 EC Directives and the national regulation define the total 
suspended solids (TSS) as a major source of pollution. A good management of sewer networks 
requires the minimisation of pollutant loads discharged to receiving waters, and this requires robust 
and accurate sensors to assess flow rates and TSS concentrations. Larrarte (2006,2008) described 
two devices developed and used in a man-entry sewer. The instruments gave a first series of data 
sets in a combined sewer without sedimentation. The practical experiences showed a number of 
problems with both samplers including the deployment difficulties, the corrosion, and the lack of 
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data on top of the bank. This paper presents the principles of development and application of a third 
sampler. Results are presented and discussed. 
 
2. MATERIAL DEVELOPMENT 
The samplers Cerbère and Orphée showed their usefulness for investigating dry and wet weather 
velocity and total suspended solid within sewers (Larrarte 2006,2008) but both systems had some 
disadvantages. For example, it was not possible to make measurements on top of the bank, in an 
area with a compound cross section. Further the system Cerbère experienced some corrosion 
troubles and it was not possible to adapt it to another experimental area. Also both systems worked 
in an area with mean velocities larger than 0.5 m.s-1. Based on these experiences, a new 2D sampler 
device, called "Hydre" was designed and built to investigate in a minimum of time both velocities 
and total suspended solid concentrations for a wide range of hydraulic conditions (Fig. 1). 
 
 
Figure 1 - Two-dimensional sampler Hydre in the combined sewer, view from upstream 
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Figure 2 - Measurement head of the two-dimensional sampler Hydre 
 
The measuring head was equipped with two flow meters Nivus PVM-PD and a sampling pipe (Fig. 
2). Validation tests showed that the flowmeters Nivus PVM-PD operated within a rather small 
sampling volume (0.03 m long and 0.015 m diameter) positioned at 0.1 m in front of the transducer 
(see Appendix). In practice, a basic problem arose from drifting materials coming in contact with 
the transducers and clogging the sensors. Since the sensors were not visible, clogging proved 
difficult to detect and two pipes were devised to clean the velocity sensors with compressed air 
prior to each reading. The sampling pipe was also cleaned with compressed air before each 
sampling. At a sampling location, the data set included the mean value of two replicates, with each 
replicate being the mean value of the instantaneous velocity gauged over a 10-second period. This 
procedure complied with the NF EN ISO 748 Standard. Once velocities were simultaneously 
measured at both transducers, the vacuum sampling was triggered. 
The device Hydre was installed in a combined sewer located in a public park of Nantes (France). 
The site was selected to investigate the influence of the velocity field on TSS concentrations 
because an intermittent deposit was previously observed. The sewer had an egg-shaped section with 
a bank (Fig. 3). The mean velocity Vm ranged from 0.3 to 0.5 m.s-1 for water levels of respectively 
0.53 to 1.01 m. Dry weather conditions corresponded to water levels below 0.85 m with velocities 
below 0.60 m.s-1. 
Hydre was implemented before each measurement campaign (Fig. 4). The transverse movement is 
based on displacement along a horizontal rail. The position is controlled with an ultrasonic sensor 
(Fig. 5). The sensor movements were remotely controlled from above the ground level with a 
computer system (Fig. 6). In a sewer, the wetted area could be sampled from the bottom to a 
maximum elevation of 1.5 m which encompassed roughly 90% of the situations encountered during 














































Figure 3 - Sewer cross section looking upstream 
 
 




Figure 5 - Two-dimensional sampler Hydre on its rail and detail of the ultrasonic sensor used to 
control the transverse location 
 
Sampling pipe
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Figure 6 - Parts of the sampling device located above the ground. 
 
3. RESULTS 
The flow is considered as fully turbulent and subcritical when the Reynolds number 
)4/(DVR hme ν=  is greater than 105, where Vm is the flow velocity, Dh the hydraulic diameter and 
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ν is the water kinematic viscosity with ν = 10-6 m2.s-1. 
 
3.1 Velocity fields 
The channel was narrow and shallow. The aspect ratio maxh/bAr =  was between 1.4 and 2.1, 
where b is the free surface width and hmax the maximum water level in the main channel during the 
measurements. In such narrow channels, the maximum velocity was clearly located below the free 
surface during dry weather conditions (Fig. 7). The results were consistent with the earlier velocity 
measurements of Larrarte (2006) in another egg-shaped sewer. On top of the bank, a local dip 
phenomenon could also be seen, that means that the maximum velocity is located below the free 
surface. Bonakdari et al. (2008) showed numerically that this velocity dip phenomenon was related 
to strong secondary currents of the second kind of Prandtl, and the flow was fully three 
dimensional. Figure 8 shows an example of velocity profiles measured during a storm event when a 
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Figure 8 - Field measurements of vertical distributions of velocity during storm event conditions 
 
3.2 TSS concentrations 
The water samples were sieved at 2 mm and analyzed to get the TSS and volatile matter 
concentrations (in g.m-3) with respect to the French and European standard NF EN 872. In most 
cases, the samples were analyzed twice to evaluate the uncertainty associated to the analysis 
process. The precision of TSS and volatile matters measurements was about 10 g.m-3. The amount 
of particles greater than 2 mm was less than 5% in mass. The flowmeters measured also the 
temperature, which varied from 11 to 22°C. About 12 dry weather and 4 rainfall campaigns were 
conducted between March 2006 and November 2007. They gave respectively 500 dry weather and 
200 rainfall event concentrations. 
Figure 9 shows that the TSS concentrations were between 100 and 350 g.m-3. For dry weather days, 
the result was close to the earlier observations of Larrarte (2008), 5 km downstream. During rainfall 
events, including storm events, the concentrations remained also lower than 350 g.m-3. No influence 
of storms was noticed, and this differed from the observations made downstream by Larrarte 
(2008). 
Figure 10 shows the ratio of volatile to total suspended solids concentrations. A high ratio of 
volatile matters to TSS indicates a large component of organic matter. More than 70% of particles 
of that urban area showed a large organic component and the meteorological context had no 














0 50 100 150 200 250 300 350 400













30% 35% 40% 45% 50% 55% 60% 65% 70% 75% 80% 85% 90% 95% 100%




Figure 10 - Percentage of organic matter in the TSS concentrations (in mass). 
 
Figure 11 shows the ratio of particles smaller than 125 microns to total suspended solids. The data 
ranged between 55% and 85% for most samples. The ratio tended to be larger during rainfall 
conditions than dry weather days. But the rainfall conditions corresponded to only 3 rain events and 
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Figure 11 - Percentage of particles smaller than 125 microns in the TSS concentrations (in mass). 
 
The spatial distribution of pollutants was investigated. Figure 12 shows the TSS concentrations 
measured on various verticals within the cross section. The data corresponded to a dry weather day 
with a water level of 0.57 m and a 0.02 m thick sediment deposit below the sampler. The mean 
velocity in the cross section was equal to 0.37 m.s-1 and this was below the commonly accepted 
self-cleansing velocity. There were vertical concentration fluctuations but no concentration gradient 
was noticed. The results presented were consistent with those of Ahyerre at al. (2001) for the 
suspended solid concentrations. The concentrations obtained by Ahyerre et al. (2001) in the 
sediment were higher than those obtained by Worhle and Brombach (1991) close to the bottom. 
 
4. CONCLUSION 
A two-dimensional sampler device was developed to improve the reliability of measurements in 
sewer systems. The sampler allowed the measurements of both velocity and total suspended solids 
within the cross section of a sewer for a wide range of hydraulic conditions. 
The analysis of the results recorded by the sampler demonstrated the ability of the device to 
characterise both the velocity and TSS fields. The measurements showed that a dip phenomenon 
occurred in the narrow channel with a second maximum over the bank, there was no concentration 
gradient even though a deposit existed at the time of the sampling, and the particles were mainly 
organic and fine whatever the meteorological conditions. 
Field experiments must be extended to include other rainy days and storm event measurements and 
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Figure 12 - Vertical distributions of the TSS concentrations for a dry weather day 
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bAr =  aspect ratio 
b width of the free surface (m) 
C concentration (g.m-3) 
Dh hydraulic diameter (m) 
hmax maximum water level (m) 
Re Reynolds number 
Sm wetted area of the vertical cross-section (m2) 
Vm mean velocity (m.s-1) 
y transverse distance (Fig. 3) (m) 
ymax maximum width of sewer channel (Fig. 3) (m) 
ν water kinematic viscosity (m2.s-1) 
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8. APPENDIX 
It can be noticed on Figure 2 that the two-dimensional sampler Hydre is intrusive. The velocity 
field around the measurements head was computed with a three-dimensional Navier-Stokes solver. 
Figure A-1 shows the influence of the measurement head on the velocity field at 0.05 m upstream. 
This influence becomes negligible at 0.1 m upstream of the head that was the location of the 




(A) 0.05 m upstream of the head 
 
(B) 0.10 m upstream of the head 
Figure A-1 - Flow field around Hydre sampler head 
 
International Meeting on Measurements and Hydraulics of Sewers, 2008, F. Larrarte and H. Chanson (Eds), Hydraulic 




MESURE DES POLLUANTS PAR TURBIDIMETRIE EN 
ASSAINISSEMENT 
MEASUREMENTS OF POLLUTANTS BY TURBIDIMETRY 
 
Michel Aumond et David Mabilais 
Laboratoire Central des Ponts et Chaussées, Route de Bouaye, BP 4129, 44341 Bouguenais cedex, 
France - Email: michel.aumond@lcpc.fr 
 
Résumé: La turbidité est l’un des rares paramètres de qualité mesurable en continu en réseau 
d’assainissement. La fiabilité et l’intérêt d’un suivi en continu de la qualité de l’effluent urbain par 
turbidimétrie a été testée sur un émissaire d’un réseau de collecte majoritairement unitaire, 
d’environ 200.000 équivalents habitants. Une campagne de près de 700 jours avec des 
enregistrements à cadence rapide de deux capteurs redondants a permis de mettre au point des 
protocoles pour la mise en œuvre de la turbidimétrie en réseau d’assainissement. Cette mise en 
œuvre comporte cinq points essentiels : le réglage et l’étalonnage des turbidimètres, le suivi de la 
pérennité de ces réglages, la mise en forme du mesurande, le choix d’une stratégie d’acquisition et 
de traitement du signal et la validation des données acquises. Ce papier détaille la mise en œuvre 
pratique de la turbidimétrie et évoque des utilisations possibles de cet indicateur, hors des 
utilisations classiques qui cherchent à définir des liens statistiques plus ou moins lâches avec les 
indicateurs conventionnels de polluants tels que DCO, MES, etc. 
 
Abstract: Nowadays standard pollution parameters for waste waters are still based upon chemical 
analyses of samples although these methods prove expensive for high sampling rate. While turbidity 
is not a standard parameter, such as chemical oxygen demand (COD) and total suspended solids 
(TSS), and its conversion into standard parameters remains complicated, turbidity in itself is a 
robust pollution indicator that can be continuously monitored at relatively low cost. In association 
with flow rate measurements, turbidity proves to be an useful parameter to study pollutant fluxes, 
and this article reviews a number of practical field applications in sewers. The paper presents a 
method to use efficiently turbidity. Recommendations are given to choose the sampling rate and 
duration of the measurements. The calibration process is explained and standard references are 
given together with advices to control the calibration permanence. Once all these practical aspects 
are taken account, the turbidity data need further post-processing. Raw data are indeed affected by 
many effects including noises caused by tows or big particles that can saturate the sensors. The 
random noise of the turbidity data can be discarded by an appropriate signal processing. A key 
feature is the technical redundancy obtained by using together two turbidimeters at the same 
location. The pairs of measurements are used to define a reference. Another key practical issue is to 
use a sampling rate higher that the necessary to obtain redundant data at a given time. The 
difference between a data point and the reference can be tested relatively easily, and erroneous 
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values can be removed. A practical case is shown. If all the practical recommendations and advices 
are respected, turbidity proves to be an efficient and cheap technique to monitor continuously 
pollutant fluxes. 
 
Mots clé: turbidité, stratégie d’acquisition, traitement du signal, filtre, flux polluant. 




Les paramètres standard de pollution, comme les matières en suspensions, la demande chimique en 
oxygène,… préconisés dans le cadre de l’auto-surveillance, ne sont mesurés que par des analyses de 
laboratoire effectuées sur des échantillons prélevés. Cette méthode devient très coûteuse dès que le 
taux d’échantillonnage devient élevé. En revanche, la turbidité n’a pas cet inconvénient: elle se 
prête parfaitement à une mesure en continu pour un coût raisonnable (Ruban et al. 2001, Velkam et 
al. 2002, Henckens et al. 2002). L’indicateur turbidité ne fait pas partie des indicateurs standards 
(MES, DCO,…) préconisés dans le cadre de l’auto-surveillance. Mais cet indicateur moins 
conventionnel est intéressant, même si sa conversion en paramètres standard reste approximative 
pour ne pas dire aléatoire. La turbidité est en elle-même un indicateur de pollution riche 
d’information. Elle se prête à la mesure en continu à un coût abordable. Elle est adaptée à l’étude 
des flux polluants dans le temps (Aumond et Joannis 2008), associée à des mesures de débits. Elle 
permet des analyses fines du fonctionnement du réseau d’assainissement. Complétée par une 
mesure de conductivité, autre indicateur de qualité qui se prête également à la mesure en continu, 
elle permet la détection de phénomène indétectable sans mesures en continu. La turbidité est 
principalement sensible aux matières particulaires dans l’effluent (Fig. 1). La conductivité est un 
indicateur de la teneur totale en sels . La confrontation de ces deux indicateurs et des variations de 
débits permet de mettre en évidence outre la variation de la part des eaux sanitaires dans l’effluent, 
des phénomènes inattendus comme la variation de la qualité des eaux sanitaires. Ces variations 
doivent être expliquées. Elles peuvent être provoquées par des phénomènes de dépôts/érosions de 
sédiments dans le réseau. 
Dans cet article, les différentes phases nécessaires à une mise en œuvre efficace de la turbidimétrie 
en réseau d’assainissement sont successivement abordées. Tout d’abord les critères de choix du 
matériel à installer, les réglages et étalonnages à effectuer sont présentés. Les perturbations qui 
peuvent affecter le signal brut de turbidité sont décrites. Les moyens mis en œuvre pour 
conditionner le mesurande et limiter ces perturbations sont détaillés. Nous parlons également de la 
stratégie d’acquisition que nous suggérons, ainsi que de l’indispensable traitement du signal à 




Figure 1 - Domaine d’applicabilité de la turbidimétrie 
Figure 1 - Turbidimetry validity domain 
 
2. MATERIEL ET METHODE 
Les données proviennent d’un réseau majoritairement unitaire, desservant environ 200.000 
habitants de l’agglomération nantaise (France). Le site de mesures se situe dans un collecteur situé 
en aval d’une chambre à sable alimentée par un ovoïde à banquette de 2,3 m de haut sur 1,5 m de 
largeur maximale, et en amont d’une paire de siphons. Le débit moyen est d’environ 1500 m3/h. Les 
turbidimètres sont fixés à une perche articulée (trois degrés de liberté) qui plonge dans l’effluent. 
Cette perche est conçue pour faciliter au mieux les opérations de maintenance : nettoyage, réglages, 
etc. Il s’agit de turbidimètres Turbitech 2000LA fabriqués par la société Partech. Ces capteurs 
mesurent la turbidité par atténuation d’un faisceau infrarouge à 950 nm. 
L’objectif est de mettre au point une stratégie d’acquisition et de traitement du signal qui permette 
d’éliminer les artefacts de mesures. La méthode consiste à échantillonner la mesure de turbidité par 
rapport à la cadence de mesures choisie en fonction de la résolution finale fixée par l’utilisateur des 
mesures, et de traiter la population de mesures obtenue afin d’éliminer les pics indésirables. Il est 
inutile d’échantillonner à une cadence trop élevée car, les turbidimètres ayant un temps de réponse 
non négligeable, les mesures successives ne seraient plus indépendantes. Dans notre cas, les 
turbidimètres Partech ont un temps de réponse affiché de 0,2 s. C’est le résultat de ce traitement qui 
fournit la valeur de turbidité utile devant être enregistrée. Ce traitement, une fois mis au point, a 
vocation à être effectué en temps réel. 
Pour effectuer cette mise au point, les mesures sont enregistrées sur une centrale d’acquisition 
AOIP au pas d’échantillonnage de 1 seconde. La capacité mémoire de cette centrale étant limitée à 
environ trois heures d’enregistrement pour les deux turbidimètres à la cadence de 1 seconde, soit le 
plus court pas de temps permettant des mesures indépendantes. Les données sont récupérées et 
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stockées automatiquement par un micro-ordinateur sur le terrain. Les mises au point des stratégies 
de traitement du signal sont réalisées à partir de ces enregistrements. 
Des simulations de ces stratégies d’acquisition et de traitement du signal sont testées en différé à 
partir de cette banque de données. La disponibilité de la redondance matérielle (deux turbidimètres) 
permet d’obtenir avec un bon niveau de confiance une chronique de mesures dite de référence. 
Cette chronique de référence permet de juger de la qualité des traitements du signal effectués pour 
chacun des turbidimètres. 
 
3. REGLAGE ET ETALONNAGE DES TURBIDIMETRES 
Le réglage et l’étalonnage des turbidimètres permettent de fournir une certaine garantie de 
fonctionnement, de sécurité, de performance, de qualité, d'interchangeabilité, d'interopérabilité 
(Joannis et al. 2006). Ils sont réalisés par application de la norme NF ISO 7027 (2000). Cette norme 
est un ensemble de règles fonctionnelles ou de prescriptions techniques relatives aux turbidimètres, 
à leurs réglages et étalonnage, établies par consensus de spécialistes et consignées dans un 
document produit par un organisme de normalisation, national (agence française de normalisation 
AFNOR) et international (international standard organization ISO). 
Les turbidimètres utilisés doivent répondre aux exigences suivantes selon la norme NF ISO 7027 
(2000): 
• La longueur d’onde de la radiation incidente doit être de 860 nm, 
• La largeur de bande spectrale doit être inférieure ou égale à 60 nm, 
• La géométrie des optiques est également précisée dans cette norme, 
Les résultats obtenus à d’autres longueurs d’onde ne peuvent être comparés aux résultats obtenus à 
860 nm. 
Les turbidimètres de terrain utilisés sont proches de cette norme: 950 nm au lieu de 860 nm, mais 
cette différence induit un biais (probablement faible) par rapport aux mesures respectant 
scrupuleusement cette norme. En effet, l’absorption du faisceau de mesure par les matières en 
suspensions dépend et de la répartition en taille des particules en suspension et de la longueur 
d’onde utilisée. 
La turbidité est la mesure de l’aspect plus ou moins trouble de l’eau. Elle correspond à la propriété 
optique de l’eau permettant à une lumière incidente d’être déviée ou absorbée par des particules 
plutôt que transmise en ligne droite. Elle est mesurée, d’après la norme NF ISO 7027 (2000), en 
unités FAU qui nécessite des solutions étalons à base de formazine. Nous n’utilisons cette substance 
que pour les étalonnages car elle est onéreuse et cancérigène. Pour les contrôles périodiques nous 
utilisons l’étalon secondaire qu’est le kieselgur. Le réglage des instruments est effectué en deux 
points, conformément aux instructions données par le fabricant. Le zéro est effectué à l’aide d’une 
eau osmosée, qui limite la présence d’éventuelles bulles. Les bulles influencent notablement la 
mesure de turbidité. Le point de réglage haut est effectué à l’aide d’un étalon secondaire constitué 
d’une suspension de kieselgur à 1,5 g/l. Outre son prix, cet étalon secondaire à l’avantage de ne pas 
être toxique. Cette suspension doit être soigneusement agitée à l’aide d’un agitateur magnétique car 
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la vitesse de décantation du kieselgur est importante. Une fois l’instrument réglé, il faut procéder à 
son étalonnage. Les turbidimètres de terrain que nous avons essayés ne disposent pas d’une échelle 
préétalonnée, ou du moins celle fournie ne correspond pas aux valeurs d’étalonnage. Il convient 
alors d’établir une courbe d’étalonnage. La courbe d’étalonnage est réalisée en utilisant au moins 
cinq suspensions étalons de formazine de turbidité répartie sur la gamme étudiée. 
 
4. PERENNITE DES REGLAGES 
La vérification des réglages des turbidimètres est un aspect de la gestion de la qualité des mesures. 
C’est une opération de contrôle effectuée en vue de déterminer, avec des moyens appropriés, si 
l’appareil contrôlé est toujours conforme ou non aux spécifications ou exigences préétablies. Elle 
inclut une décision d'acceptation, de rejet ou de retouche. Cette opération de contrôle a un lien 
évident avec la phase de validation des données. 
Pour effectuer la vérification des réglages, il faut au préalable en déterminer les caractéristiques et 
choisir les limites à l'intérieur desquelles le réglage est conforme. Il faut que ces limites soient 
connues par le «contrôleur» qui effectuera le contrôle. 
Il implique également qu'à l'issue de l'acte technique de contrôle, une décision soit prise en ce qui 
concerne la conformité : 
• Appareil conforme, 
• Appareil non-conforme qui doit être changé (panne), 
• Appareil non conforme pouvant être réglé. 
La vérification des réglages est effectuée sur le terrain, près du collecteur. Cette opération est 
effectuée avec les mêmes types d’étalons secondaires que ceux utilisés lors du réglage initial, dans 
les mêmes conditions, mais dans l’inconfort du terrain. L’agitation impérative des suspensions de 
kieselgur est réalisée à l’aide d’un agitateur magnétique à pile. Les points de réglage zéro (eau 
osmosée) et réglage haut (1,5 g/l de kieselgur) sont vérifiée deux fois avec des suspensions étalons 
distinctes. Si et seulement si les deux contrôles sont cohérents et présentent des différences 
supérieures à 30 unités de réglage, l’appareil est réglé de nouveau. Ce seuil de 30 unités 
d’atténuation kieselgur correspond à deux fois l’écart type de la dispersion des étalons secondaires 
de suspension de kieselgur. Le double contrôle a pour principal objectif de pallier les risques 
d’erreurs plus importants lors du travail hors laboratoire. 
La périodicité de ces contrôles a été fixée, suite aux premières expériences, dans une fourchette de 
quatre à six semaines. Sur la période du 23 mai 2006 au 15 juillet 2008, soit plus de 2 ans de 
mesures en continu, 24 contrôles ont été effectués pour chacun des turbidimètres. Seulement deux 
réglages ont été refaits pour chacun des turbidimètres, pour de faibles dépassements du seuil de 30 
unités d’atténuation kieselgur. 
Ces quelques remarques ne sont qu’un rappel du bonne usage d’un appareil de mesure, mais elles 




   
Figure 2 - Exemple de macro déchets Figure 3 - Les turbidimètres et la chambre de mesures 
Figure 2 - Example of large debris  Figure 3 - Turbidimeter deployment in the field 
 
 
Figure 4 - Les turbidimètres avec leur protection individuelle 
Figure 4 - Turbidimeters with their individual protection 
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5. MISE EN FORME DU MESURANDE 
La turbidité est principalement causée par des particules en suspension qui absorbent, diffusent 
et/ou réfléchissent la lumière. Les caractéristiques optiques (taille du faisceau) ne permettent de 
mesurer la turbidité que pour des particules de taille inférieures à quelques dixièmes de millimètre 
(Fig. 1). Au dessus de ces dimensions, le turbidimètre n’est plus capable de mesurer une turbidité. Il 
se comporte comme un compteur de particules avec un fonctionnement en tout ou rien. Il convient 
de mettre en forme le mesurande en écartant de l’effluent soumis au turbidimètre tout ce qui ne 
ressort pas de la mesure de turbidité. Il faut éviter la zone de transport des flottants. Ils ont 
fréquemment des dimensions qui atteignent quelques dizaines de centimètres. La zone de transport 
par charriage et saltation est également à proscrire: risque d’ensablement ou d’envasement des 
capteurs. Il ne reste qu’une zone possible: à mi hauteur de l’écoulement. Mais même dans cette 
zone de nombreux macro déchets subsistent (Fig. 2), qui perturbent et ruinent la mesure. 
Il convient d’écarter du faisceau de mesures tous ces éléments perturbateurs. Après différents 
essais, le système de protection par chambre commune (Fig. 3) ou individuelle (Fig. 4) a été retenu. 
L’entrefer des appareils est toujours perpendiculaire à l’écoulement. La réalisation de différents 
types de tests n’a pas permis de déceler de biais provoqués par ces systèmes de protection. Le 
premier test a consisté à comparer les mesures enregistrées avec les turbidités mesurées au 
laboratoire sur 12 échantillons d’eaux usées prélevés sur ce même site avec un préleveur 
automatique programmé au pas de temps horaire. Le second test s’est déroulé en plaçant un 
troisième turbidimètre sans protection que l’on a comparé aux turbidimètres protégés. Malgré ces 
précautions, un entretien périodique (une à deux semaines) reste nécessaire, avec nettoyage complet 
du matériel de mesure. 
 
6. STRATEGIE D’ACQUISITION ET TRAITEMENT DU SIGNAL 
Malgré les précautions présentées dans la section précédente, l’acquisition directe de valeurs 
moyennes sur des pas de temps de quelques minutes produirait des enregistrements fortement 
biaisés (Aumond et Joannis 2006). Il convient d’effectuer un traitement du signal avant utilisation 
des mesures. Les artefacts biaisant les mesures sont résumés sur le graphique de la Figure 5. Les 
graphiques représentent en bleu clair et foncé les signaux bruts issus des deux turbidimètres. Le 
premier graphique donne un exemple dans lequel la protection des turbidimètres est inefficace. Des 
saturations longues sont visibles. Elles sont dues à des colmatages de longues durées provoqués par 
des filasses coincées devant les cellules de mesure du turbidimètre telle que celles présentées dans 
la Figure 5. De nombreux pics de grandes amplitudes et à occurrence rapide sont probablement dus 
à des filasses accrochées au système et qui viennent balayer le faisceau de mesure au gré du 
courant. C’est pour cette raison que nous l’avons abusivement baptisé bruit hydraulique. Ces deux 
premiers bruits ne peuvent être supprimés que par une mise en forme convenable du mesurande, 
toute l’information turbidité ayant disparue. Lorsque le prétraitement du mesurande est 
correctement réalisé, il reste un signal tel que l’on peut voir sur le deuxième graphique de la Figure 
5. De nombreux pics (impulsion) sont présents, mais l’information turbidité reste présente. Ces pics 
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sont toujours positifs et de grandes amplitudes. Ils ne peuvent pas être éliminés par une simple 
moyenne, ou par utilisation du réglage de l’amortissement qu’il est matériellement possible de 
régler sur la majorité des turbidimètres. Il convient de supprimer ces pics et de n’utiliser que les 
données filtrées. Afin de mettre au point une stratégie d’acquisition et de traitement du signal, nous 
avons utilisé la redondance matérielle disponible ici pour caractériser le bruit à éliminer. 
 
Le bruit est toujours positif (pics)
Les deux premiers types de bruit sont 
éliminés par le traitement du mesurande (mais 
pas toujours)
Le dernier type de bruit est éliminable par un 
traitement du signal en temps réel
bruit cause
saturation longue colmatage
bruit « hydraulique » filasse
bruit aléatoire grosses particules
 
Figure 5 - Artefact troublant la mesure de turbidité en réseau d’assainissement 
Figure 5 - Identification of different errors and noises, and their origin in a sewer system 
 
6.1 Analyse succincte du bruit. 
On dispose de 670 jours d’enregistrement à la seconde de double mesure de turbidité. A partir de 
ces deux chroniques appairées de mesures de turbidité, il est possible de construire une chronique 
de référence raisonnablement fiable. 
 
Définition de la référence: 
A chaque seconde i,  
si |T1(i) -T2(i)| < K alors Tf(i) = moyenne (T1(i);T2(i)) sinon rejet des valeurs.  (1) 
K est défini à partir de l’étude de la dispersion des différences entre paire des mesures brutes 










)(1)(           (2) 
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où n est l’effectif des valeurs retenues à la minute. 
 
La simple différence entre les chroniques brutes de turbidité et cette référence donne une bonne 
image du bruit. Nous pouvons extraire quelques statistiques générales décrivant ce bruit. 
 
6.1.1 Dispersion globale du bruit 
La Figure 6(a) montre l’histogramme de la dispersion du bruit par tranche de 1 FAU. L’analyse de 
cet histogramme montre tout d’abord que le mode majeur (1) de la distribution se détache sans 
ambiguïté du reste de la distribution. Une queue de distribution importante est visible vers 7000 
FAU. Le coté négatif de la distribution ne présente pas cette particularité. Cette anomalie vers 7000 
FAU est due aux pics parasites. L’usage d’une échelle logarithmique dans la Figure 6(b) pour l’axe 
des ordonnées visualise bien le phénomène. Si on dilate l’échelle des abscisses dans la figure 6 (c), 
on voit qu’une majorité du bruit (≈ 90% des valeurs) reste limité dans une fourchette de +/- 25 FAU 
autour de zéro, alors qu’en prenant un seuil légèrement supérieur à 95%, nous obtenons les 
fourchettes suivantes: p117 : [-61;42] & p149 : [-23;4154]. Ces histogrammes sont calculés sur la 
période de 670 jours de mesures. Le principal enseignement de ces histogrammes est qu’une grande 
partie des mesures (≈ 90%) est exempte de pics. Si ces pics sont régulièrement répartis dans le 
temps, le traitement des données est viable et relativement simple à exécuter. C’est ce dont nous 





-8000 -3000 2000 7000









                                                 
1 Terme utilisé en statistiques: le mode d'une série statistique est la valeur qui a le plus grand 
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Figure 6 - Histogrammes du bruit (des écarts entre le signal de référence et les valeurs délivrées par 
chaque capteur) de chacun des turbidimètres 
Figure 6 - Histograms of the difference between the reference signal and the delivered cell data 
 
6.1.2 Durée des pics 
Un pic est défini pour toute différence supérieure à 35 FAU entre la mesure brute et la référence 
précédemment définie. Ce seuil est fixé à partir de l’analyse de l’histogramme de bruit (Fig. 6). La 
Figure 7 présente la durée de ces pics. Seul 1% des pics ont une durée supérieure à 10s (hors 
période de colmatage complet du turbidimètre supérieur à 3 heures). La durée de la majorité des 
pics est très courte. Le graphe de droite sur cette même figure montre l’amplitude de ces pics, par 
tranche de 1 FAU. Le mode de la distribution est de ≈ 300 FAU. 44% des pics ont une amplitude 
supérieure à cette valeur. Il faut se rappeler que la gamme de mesure en eaux usées est en moyenne 
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(a) Durée des pics.    (b) Amplitudes des pics. 
Figure 7 - Caractéristiques des pics. 
Figure 7 - Peaks characteristics 
 
6.1.3 Fréquence des pics sur des fenêtres d’une minute 
La Figure 8 montre le nombre moyen de valeurs aberrantes à éliminer dans le cas d’une stratégie 
d’enregistrement à la minute. Notre échantillonnage étant à la seconde, nous avons à traiter des 
populations successives de 60 mesures, le traitement est réalisé avec un tableur du commerce. La 
majorité des fenêtres de 1 minute est exempte de valeurs aberrantes puisque ce nombre est de 68% 
pour le turbidimètre p117et de 63% pour le turbidimètre p149. Il reste 30 à 40% des cas où un 
traitement du signal est nécessaire. Une simple moyenne est insuffisante car trop sensible aux 
valeurs de turbidité extrêmes des pics. 
La Figure 9 illustre cette remarque. Elle donne pour exemple l’erreur commise en utilisant la simple 
moyenne sur un échantillon de 60 valeurs sur le cas d’école suivant : (60-n) mesures vraies à 250 
FAU avec n pics de 300 FAU. Ces pics indésirables sont des valeurs aberrantes à éliminer. Une 
douzaine de pics suffise à biaiser la moyenne de 25%. La solution est d’éliminer ces valeurs 
aberrantes, et de n’effectuer les moyennes qu’après sélection de mesures réalistes. 
De plus, il est intéressant de garder une trace de l’opération de filtrage réalisée, par exemple 
l’effectif des valeurs sélectionnées. Intuitivement, si nous ne sélectionnons qu’une valeur, le résultat 
du filtrage sera incertain. A l’inverse, si la totalité des mesures est sélectionné, le résultat du filtrage 
devient fortement probable. Un exemple d’application de cette stratégie sur une période de 13 jours 
est présenté Figure 10. Sur ce graphique sont présentés la chronique de référence notée Réf tel que 
selon l’équation 2, la moyenne arithmétique m149 des mesures brutes d’un turbidimètre (soit la 
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Figure 8 - Identification de la distribution des valeurs aberrantes au cours du temps lors d’un 
enregistrement à l’échelle de la minute 









0 20 40 60










Figure 9 - Biais provoqué par l’usage de la moyenne arithmétique pour le cas d’école : Ce cas est 
composé d’une mesure vraie à 250 FAU et bruité de n pics de 300 FAU 
Figure 9 - Bias induced by the use of mean arithmetic applied on a signal test: such signal is 
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Figure 10 - Exemple de mai 2006, sur une chronique de 13 jours. Exemple de traitement des 
données. Analyse d’une chronique de 13 jours en mai 2006 
Figure 10 - Example of data treatment - Analyse of 13 days of continuous sampling in May 2006 
 
Nous constatons que l’utilisation d’une simple moyenne arithmétique durant la période du 19 au 22 
mai 2006 ruine totalement l’information. L’usage du filtre a permis d’extraire correctement 
l’information du signal d’origine bruité. La chronique filtrée est comparable à la chronique de 
référence. En dehors des périodes bruitées, les trois chroniques sont comparables, sans biais notable 
entre elles. 
 
7. VALIDATION DES DONNEES ACQUISES 
Cette phase dans l’acquisition des mesures n’est évoquée ici que pour rappeler son importance. 
Pour traiter le problème de validation de données de capteurs, il existe plusieurs approches. 
• Des méthodes «manuelles» (par un opérateur). Malheureusement, cette approche 
(subjective) est impraticable en temps réel et elle s’avère laborieuse en temps différé en 
raison de la grande quantité de données collectées. Une assistance automatique peut être 
apportée par exemple, détermination automatique des dépassements des gammes de mesure 
du capteur. 
• Utilisation de méthodes dont le principe repose généralement sur un test de cohérence entre 
un comportement observé du processus (mesures «en ligne» des capteurs) et un 
comportement prévu, fourni par un modèle mathématique (redondance virtuelle). 
• L’utilisation de la redondance matérielle. C’est une solution efficace et qui semble 
relativement simple à automatiser. 
Les informations conservées sur la qualité du traitement du signal doivent être intégrées à la phase 
de validation. Il est évident qu’il faut également utiliser les données issues des contrôles et réglages 




L’usage de la turbidimètrie en réseau d’eaux usées est réalisable, mais nécessite quelques 
précautions: 
• Matériel de mesures. 
Il faut utiliser des turbidimètres convenablement réglés et étalonnés. Le suivi de ces réglages est 
utile. Un entretien préventif du point de mesure est indispensable, avec une fréquence 
d’intervention élevé. 
• Stratégie d’acquisition et d’enregistrement. 
Il ne faut pas utiliser de mesures instantanées prises individuellement. 
Le réglage de l’amortissement de l’appareil, ou l’utilisation d’une simple moyenne, ne permet pas 
d’éliminer les artefacts de mesures. De préférence, il faut traiter une population de mesures 
échantillonnée. La population de cet échantillonnage permet de juger la qualité de la mesure et 
d’appliquer le traitement adéquat à ces dernières. Ce traitement consiste à éliminer les pics 
indésirables. De plus cette stratégie fournit des indications qui aident à évaluer la pertinence des 
mesures et par conséquent facilitent la validation ultérieure des données traitées. 
La mesure de turbidité, associée à des données de débits et de conductivité, ouvre la voie à des 
analyses fines du fonctionnement du réseau. C’est un domaine encore peu exploré, mais qui semble 
potentiellement très prometteur. 
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Abstract: In many waterways and estuaries, a basic understanding of turbulent mixing is critical to 
the knowledge of sediment transport and predictions of contaminant dispersion and water quality. 
These flows are turbulent and velocity measurements must be conducted at high frequency to 
resolve the small eddies and the viscous dissipation process. The acoustic Doppler velocimetry 
(ADV) is designed to record instantaneous velocity components at a single-point with such a 
relatively high frequency. The ADV signal strength may provide further information on the 
instantaneous suspended sediment concentration (SSC). Laboratory and field experiences 
demonstrated that the ADV metrology is a robust technique well-suited to steady and unsteady 
turbulence measurements in open channel flows. But the ADV outputs must be processed carefully 
while the calibration of an ADV for SSC measurements is critical. Laboratory and field experiments 
with turbulence measurements in open channels are discussed herein. Past experiences showed 
unequivocally that turbulence properties should not be derived from unprocessed ADV signals and 
that even classical "despiking" methods were not directly applicable to many field and laboratory 
applications. A successful data analysis relies often upon solid practical experiences with the 
instrumentation, its capabilities and its limitations. 
 
Keywords: Turbulence, acoustic Doppler velocimetry (ADV), metrology, instrumentation, physical 
experiments, field measurements, practical experiences, suspended sediment concentration. 
 
1. INTRODUCTION 
In many waterways and estuaries, a basic understanding of turbulent mixing is critical to the 
knowledge of sediment transport, advection of organic and nutrient-rich wastewaters, and storm-
water runoff during flood events. The predictions of contaminant dispersion, and hence water 
quality, can hardly be predicted without exhaustive calibration and validation tests in the field: e.g., 
in canals, rivers, sewers and estuaries. Why? At prototype scales, the Reynolds number is typically 
within the range of 105 to 108 and more (Fig. 1). The flow is turbulent, and some understanding of 
turbulence in prototype channels is lacking. 
What is a turbulent flow? A turbulent flow is characterised by an unpredictable behaviour, a broad 
spectrum of length and time scales, and its strong mixing properties. Turbulent flows have a great 
mixing potential involving a wide range of vortical length scales (Hinze 1975). Although the 
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turbulence is a "random" process, the small departures from a Gaussian probability distribution are 
some of its key features. The skewness and kurtosis give some information on the temporal 
distribution of the turbulent velocity fluctuation around its mean value. A non-zero skewness 
indicates some degree of temporal asymmetry of the turbulent fluctuation, while an excess kurtosis 
larger than zero is associated with a peaky signal produced by intermittent turbulent events. The 
measured statistics must include further the turbulent Reynolds stress tensor. The Reynolds stress is 
a transport effect resulting from turbulent motion induced by velocity fluctuations with its 
subsequent increase of momentum exchange and of mixing (Bradshaw 1971, Piquet 1999). 
Turbulence measurements must be conducted at high frequency to resolve the small eddies and the 
viscous dissipation process. They must also be performed over a period significantly larger than the 
characteristic time of the largest vortical structures. Turbulence in open channels is neither 
homogeneous nor isotropic. Herein laboratory and field experiences with turbulence measurements 
in open channels are presented. Using acoustic Doppler velocimetry (ADV), measurements were 
conducted continuously at relatively high frequency throughout relatively long periods. It is shown 
that the ADV is a robust instrument but the signal output must be processed carefully. A successful 
data analysis relies often upon solid practical experiences with the instrumentation, its capabilities 
and its limitations. 
 
 
Figure 1 - Turbulence large-scale eddies at the free-surface of the Garonne river in the sun glare on 
19 July 2008 at Podensac, viewed from the right bank at the end ebb tide - The surface smoothness 
highlights the separation between large vortices 
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2. TURBULENT VELOCITY MEASUREMENTS WITH ACOUSTIC DOPPLER 
VELOCIMETER 
2.1 Acoustic Doppler velocimeter metrology 
The acoustic Doppler velocimetry (ADV) is designed to record instantaneous velocity components 
at a single-point with a relatively high frequency. Measurements are performed by measuring the 
velocity of particles in a remote sampling volume based upon the Doppler shift effect (Voulgaris 
and Trowbridge 1998, McLelland and Nicholas 2000). The probe head includes one transmitter and 
between two to four receivers (Fig. 2). Figure 2 show several examples of ADV heads equipped 
with two, three and four receivers. The remote sampling volume is located typically 5 or 10 cm 
from the tip of the transmitter, but some studies showed that the distance might change slightly 
(Chanson et al. 2000). The sampling volume size is determined by the sampling conditions and 
manual setup. In a standard configuration, the sampling volume is about a cylinder of water with a 
diameter of 6 mm and a height of 9 mm, although newer laboratory ADVs may have smaller 
sampling volume (e.g. Sontek microADV, Nortek Vectrino+). 
A typical ADV system equipped with N receivers records simultaneously 4×N values with each 
sample. That is, for each receiver, a velocity component, a signal strength value, a signal-to-noise 
(SNR) and a correlation value. The signal strength, SNR and correlation values are used primarily 
to determine the quality and accuracy of the velocity data, although the signal strength (acoustic 
backscatter intensity) may related to the instantaneous suspended sediment concentration with 
proper calibration (Chanson et al. 2008a). The velocity component is measured along the line 
connecting the sampling volume to the receiver (Fig. 2, blue lines). The velocity data must be 
transformed into a Cartesian system of coordinates and the trigonometric transformation may cause 
some velocity resolution errors. 
 
                 
(A) Side-looking head equipped with two receivers  (B) Head equipped with three receivers 
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(C) Side-looking head with four receivers 
Figure 2 - Laboratory ADVs 
 
 
(A) Acoustic Doppler velocimetry in a small subtropical estuary of Australia (Courtesy of Dr Sho-
ichi Furuyama) - Note the cables connecting the 3 ADV units to their respective electronics and 




(B) Acoustic Doppler velocimetry in a shallow-water bay in Japan (Courtesy of Prof. Shin-ichi 
Aoki) - The closest bank was located 450 m away (in background) and data-logging was on board 
the ADV unit 
Figure 3 - Acoustic Doppler velocimetry deployments in field applications 
 
Although acoustic Doppler velocimetry (ADV) has become a popular technique in laboratory in 
field applications (Fig. 3), several researchers pointed out accurately that the ADV signal outputs 
include the combined effects of turbulent velocity fluctuations, Doppler noise, signal aliasing, 
turbulent shear and other disturbances. Evidences included by high levels of noise and spikes in all 
velocity components (Nikora and Goring 1998, McLelland and Nicholas 2000). In turbulent flows, 
the ADV velocity outputs are a combination of Doppler noise, signal aliasing, velocity fluctuations, 
installation vibrations and other disturbances (see section 3.1). The signal may be further affected 
adversely by velocity shear across the sampling volume and boundary proximity (Chanson et al. 
2007). Lemmin and Lhermitte (1999), Chanson et al. (2000, 2002), and Blanckaert and Lemmin 
(2006) discussed the inherent Doppler noise of an ADV system. Spikes may be caused by aliasing 
of the Doppler signal. McLelland and Nicholas (2000) explained the physical processes while 
Nikora and Goring (1998), Goring and Nikora (2002) and Wahl (2003) developed techniques to 
eliminate aliasing errors called "spikes". These methods were developed for steady flow situations 
and tested in man-made channels. Not all of them are reliable, and the phase-space thresholding 
despiking technique appears to be a robust method in steady flows (Wahl 2003, Chanson et al. 
2008b) 
Simply, "raw" ADV velocity data are not "true" turbulent velocities and they should never be used 
without adequate post-processing (e.g. Nikora and Goring 1998, Wahl 2003, Chanson et al. 2008b). 
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2.2 Practical experiences 
In clear-water flows in laboratory channels, several studies demonstrated recurrent problems with 
the ADV signals, including low correlations and low signal to noise ratios, because of the lack of 
particles (e.g. McLelland and Nicholas 2000, Blanckaert and Lemmin 2006). Practical experiences 
showed that the situation improves drastically by mixing some vegetable dye (Dytex Dye™) in the 
water, as well as stirring dirt in the water system (Chanson et al. 2007, Chanson 2008). In 
recirculation flumes, milk may be mixed with the water to seed it, although the water may require to 
be changed regularly especially in hot weather. 
In steady flows, the first stage of signal processing is the removal of all data samples with 
communication errors, average correlation below 60% or signal-to-noise ratio (SNR) below 5 to 15 
dB (McLelland and Nicholas 2000, Nikora and Goring 2000). Then the data may be "despiked" 
using the phase-space thresholding technique (e.g. using WinADV 2.025). Further checks must be 
performed to assess possible effects of solid boundaries, before turbulent analyses may be 
conducted. 
 
Solid boundary effects 
The proximity of a solid boundary may affect adversely the ADV probe output, especially in small 
flumes. Several studies discussed the effects of boundary proximity on sampling volume 
characteristics and the impact on the time-averaged velocity (Table 1). Table 1 lists relevant 
studies, with details of the reference instrumentation used to validate the ADV data (Table 1, 
column 2) and of the ADV systems (Table 1, column 3 & 4). The findings highlighted that acoustic 
Doppler velocimeters underestimated the streamwise velocity component when the solid boundary 
was less than 30 to 45 mm from the probe sampling volume. Correction correlations were proposed 
by Liu et al. (2002) and Koch and Chanson (2005) for microADV units. Figure 4 illustrates the 
effect of acoustic beams reflection on a solid boundary, with the presence of a secondary peak in 
SNR and amplitude about 70 mm from the emitter. The effects of wall proximity on ADV velocity 
signal were characterised by a significant drop in average signal correlations, in average signal-to-
noise ratios and in average signal amplitudes next to the wall (Koch and Chanson 2005). Martin et 
al. (2002) attributed lower signal correlations to high turbulent shear and velocity gradient across 
the ADV sampling volume. But Chanson et al. (2007) observed that the decrease in signal-to-noise 
ratio with decreasing distance from the sidewall appeared to be the main factor affecting the ADV 
signal output. 
Note that past and present comparative studies were restricted to limited comparisons of the time-
average streamwise velocity component. No comparative test was performed to assess the effect of 
boundary proximity on instantaneous velocities, turbulent velocity fluctuations, Reynolds stresses 
nor other turbulence characteristics. 
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Table 1 - Experimental studies of the effects of boundary proximity and velocity shear on acoustic 
Doppler velocimetry data in open channels 
 
Reference Reference probe ADV device ADV sampling volume 
location affected by 
boundary proximity 
Remarks 





Sontek ADV 10 MHz
3D down-looking 
--  
Finelli et al. (1999) Hot-film probe 
Dantec R14 (single-
wire) 
Sontek ADV Field 10 
MHz 
3D down-looking 
z < 10 mm, centreline 
data 
W = 0.13 m. Acrylic bed 
and walls. 




Liu et al. (2002) Prandtl-Pitot tube 




z < 30 mm, centreline 
data 
W = 0.46 m. Aluminium 
bed, glass walls. 
Koch and Chanson 
(2005) 
Prandtl-Pitot tube 




y < 45 mm W = 0.50 m. PVC bed, 
glass walls, 75 mm ≥ z ≥ 
7.2 mm (ADV head 
touching channel bed). 
Chanson (2008) Prandtl-Pitot tube 
(Ø = 3.02 mm) 
Nortek Vectrino+ 
ADV sidelooking 
head (4 receivers) 
z < 30 mm W = 0.50 m. PVC bed, 
glass walls. 
 
Notes: y: transverse distance from a sidewall; z: vertical distance from the invert. 
 
 
Fig. 4 - Instantaneous signal-to-noise ratio (SNR) as a function of the distance from the emitter, at z 
= 0.0088 mm with a Vectrino+ ADV using a side-looking head equipped with 4 receivers in 
absence of artificial particle seeding- Data: Chanson (2008), Q = 0.0576 m3/s, x = 5 m, do = 0.1394 




In many applications, an experimental campaign involves more than one instrument, and a reliable 
synchronisation between the various devices is needed. The ADV manufacturers propose some 
Sync Out/In functions with their instruments, but the documentations are rarely complete and 
sometimes inconsistent with the hardware updates. Several researchers including the author 
experienced synchronisation problems. 
In practice, other approaches may be considered. One method uses synchronisation photographs of 
the computer screens taken at regular intervals throughout the investigation period. Upon inspection 
of the synchronisation photographs taken at relatively high shutter speed, the time lag between 
instruments may be found within a data sample. Another method is based upon the analog output of 
the longitudinal velocity component in the form of voltage signal that is acquired by the data 
acquisition system of the other instruments. 
Note that, for long duration investigations (several hours or more), a drift in synchronisation could 
reflect some variation of the computer clocks over the investigation period (e.g. Trevethan et al. 
2007a). 
 
Turbulent velocity analyses 
Once the ADV velocity outputs are post-processed, the turbulent flow properties may be calculated 
from the time series. However the sampling duration does influence the turbulence results because 
turbulence characteristics may be adversely biased with small sample numbers. The sampling time 
must be long enough to describe the turbulence field. Seminal turbulence studies demonstrated the 
needs for larger sample sizes: e.g., 60,000 to 90,000 samples per sampling location (Karlsson and 
Johansson 1986, Krogstad et al. 2005, Chanson et al. 2007). In a laboratory open channel (0.5 m 
wide, 12 m long), Chanson et al. (2007) investigated the turbulent velocity fluctuations in sub- and 
trans-critical flow conditions using a 16 MHz microADV. Sensitivity analyses were performed 
using 25 and 50 Hz sampling rates, and total sampling durations between 1 and 60 minutes. Figure 
5 illustrates the effects of the number of samples on some turbulent characteristics. The data set was 
processed by excluding low-correlation and low signal-to-noise ratio samples, and by removing 
"spikes" using a phase-space thresholding technique. The results showed consistently that the 
longitudinal velocity Vx statistical properties were very sensitive to a small number of data samples. 
The first two statistical moments were adversely affected by data samples less than 5,000 samples. 
Higher statistical moments, Reynolds stresses and triple correlations were detrimentally influenced 
in data sets with less than 25,000 to 50,000 samples. These findings were obtained in both wind 























Error on Std(Vx) Error on Kurtosis(Vx)
 
Fig. 5 - Effects of data sample size on turbulence characteristics in open channel flow: error on 
longitudinal velocity standard deviation and kurtosis - Data: Chanson et al. (2007), Q = 0.0404 
m3/s, W = 0.5 m, d = 0.096 m, z = 27.2 mm, microADV (16 MHz) with 2D side-looking head, 
sampling rate: 50 Hz, velocity range: 1 m/s 
 
Unsteady turbulence 
The ADV signal processing and velocity analysis must be adapted in unsteady flows. While several 
post-processing techniques were devised for steady flows, these are not applicable to unsteady flow 
situations (e.g. Nikora 2004, Person. Comm.). In tidal bore flows, Koch and Chanson (2008) and 
Chanson (2008) used a post-processing limited to the removal of communication errors, and the 
turbulent properties were calculated using a variable-interval time average (VITA) method. The 
instantaneous turbulent velocity v was decomposed as: v = V - V , where V is the instantaneous 
velocity and V  is a low-pass filtered velocity component, or variable-interval time average (Piquet 
1999, Koch and Chanson 2005). With this method, the cutoff frequency must be selected such that 
the averaging time is greater than the characteristic period of fluctuations, and small with respect to 
the characteristic period for the time-evolution of the mean properties (Koch and Chanson 
2005,2008, Garcia and Garcia 2006, Chanson 2008). Its selection is based upon a detailed 
sensitivity analysis as illustrated by Koch and Chanson (2005,2008). Turbulent properties including 
the Reynolds stress tensor are then calculated from the high-pass filtered signals. 
 
3. TURBULENT VELOCITY MEASUREMENTS: FIELD EXPERIENCE 
3.1 Presentation 
Recent studies of turbulence in estuarine systems highlighted that the field measurements must be 
conducted over long-durations at high-frequency (25 to 50 Hz): e.g., 25 to 50 hours in a small 
estuary (Chanson et al. 2005, Trevethan et al. 2007a,b,2008). Extensive ADV measurements in a 
small estuary provided some practical knowledge, and showed conclusively that the turbulence 
properties could not be derived from unprocessed ADV signals and that even "classical" despiking 
methods were not directly applicable to unsteady estuary flows (Chanson et al. 2008a). 
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Figure 6 presents the longitudinal Vx velocity component recorded with an ADV at a fixed 
sampling location during a 7 h 44 min. field study. Figure 6A shows the un-processed (raw) ADV 
data. The right vertical axis corresponds to the sampling volume depth below the free-surface, and 
the vertical see-saw steps highlighted the manual vertical displacements of the velocimeter to 
maintain the sampling volume about 0.5 m below the free-surface. Navigation events are also 
marked with blue-white squares in Figure 6A. For all field works, the field experiences 
demonstrated recurrent problems with the raw velocity data, including a large numbers of spikes. 
For example, a lot of "noise" is seen in Figure 6A between t = 39,000 and 41,000 s, but smaller 
numbers of "spikes" are also seen throughout the entire record. Some problem was also experienced 
with the vertical velocity component, possibly because of some wake effect of ADV stem. 
Practical problems were further experienced. These included loss of electrical power, replacement 
of the data acquisition computer, or the loss of connection link between ADV and computer in the 
middle of the night. For some field trips, the ADV sampling volume was maintained about 0.5 m 
below the free-surface and the vertical probe position was adjusted up to 3 times per hour at mid-
tide (Fig. 6A). Navigation and aquatic life were observed during all field works. In several 
instances, birds were seen diving and fishing next to the ADV location, while in other occasions 
fish were jumping out of the water next to the probe. All these were found to have some impact on 















































































(B) Instantaneous velocity Vx data after complete post-processing 
Fig. 6 - Instantaneous velocity data (Vx component), probe sampling volume depth (thick red line) 
and navigation events (blue squares) during a field study in a small subtropical estuary - Data: 
Chanson et al. (2005,2008b), ADV (10 MHz) with 3D down-looking head, sampling rate: 25 Hz, 
velocity range: 0.3 m/s 
 
3.2 ADV data post-processing technique 
Chanson et al. (2008b) proposed a three-stage post-processing method for estuarine field studies. 
The three stages included (a) an initial velocity signal check, (b) the detection, removal and 
replacement of large disturbances and (c) the treatment of small disturbances, with each step 
comprising a velocity error detection and data replacement. 
During the velocity signal check, the ADV velocity data are "cleaned" by removing all samples 
with communication errors, low signal-to-noise ratios (< 5 dB) or low correlations (< 60%). The 
event detection and removal stage focused on the effects of major disturbances, include navigation, 
probe movement, aquatic life activities. For each velocity component, the signal is filtered with a 
low-pass/high-pass filter threshold F = 0.1 Hz. The optimum range for F was deduced from a 
sensitivity analysis and found to be within dg × /W and d/g  where W is the mean free-surface 
width of the channel, g is the gravity acceleration and d is the mean water depth. (Physically dg ×  
is the celerity of a small disturbance in an open channel with a depth d.) The occurrence of 
navigation, probe motion and other events is tested on the high-pass filtered component by 
comparing the ratio of local standard deviation to the event search region standard deviation with a 
threshold value CE = 1.5. Exceedance implies disturbance. Note that local standard deviations are 
calculated along 1000 data samples. The small disturbance treatment stage is based upon the phase-
space thresholding technique. For each velocity component, the signal is filtered with a low-
pass/high-pass filter threshold F = 0.1 Hz. The high-pass filtered signal is tested with an "universal" 
criterion (Goring and Nikora 2002). 
Lastly, erroneous data were replaced using a technique based upon the mean of the endpoints. This 
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technique reduced distortion of statistical values, while not inferring trends on the replaced data. 
 
Applications 
Extensive field experiences in Australia and Japan suggested that the turbulence properties could 
not be extrapolated from the unprocessed data sets during field works in estuaries (Trevethan 2008, 
Chanson et al. 2008b). Classical ADV despiking techniques were tested and the results 
demonstrated that "conventional" ADV despiking techniques were not suitable. Velocity 
fluctuations might be induced by large disturbances such as aquatic life, navigation, debris and 
experimental procedure. Even in optimum conditions, natural estuarine systems, and even sewer 
systems, are characterised by unsteady flows, and the hydrodynamics cannot be assumed to be 
quasi-steady over a statistically-meaningful data sample. 
The ADV post-processing method was tested extensively with a dozen of long duration field studies 
in Australia and Japan. Figure 6B illustrates the outcomes of ADV data post-processing for a field 
study. It may be compared with the un-processed data set (Fig. 6A). The comparison shows the 
successful detection and removal of all major disturbances and of a lot of spikes and noise (e.g. 
38,000 < t < 41,000 s). 
Using the above ADV post-processing method, between 10 to 25% of all samples were removed 
and replaced. Such quantities are fairly significant and do impact onto the turbulent flow properties. 
A systematic comparison between "raw" and post-processed ADV data demonstrated that all 
turbulence characteristics were affected by the post-processing. All turbulent properties, including 
the time-average velocities, were improperly estimated from un-processed data sets. 
 
4. SUSPENDED SEDIMENT CONCENTRATION MEASUREMENTS 
4.1 Presentation 
The suspended sediment concentration is a key element in stream monitoring, although the turbidity 
and acoustic Doppler backscattering may be suitable surrogate measures. In particular, the ADV 
instrument's acoustic backscatter amplitude may be related to the instantaneous suspended sediment 
concentration with proper calibration (Fugate and Friedrichs 2002). This method was applied to fine 
non-cohesive sediments and it was recently extended to muddy materials (Chanson et al. 2008a). 
A series of calibration tests with a microADV (16 MHz) unit were performed using estuarine 
waters and muddy bed sediments (Chanson et al. 2008a). It was found that the calibration curves 
(turbidity versus SSC, BSI versus SSC) are strongly affected by the sediment material 
characteristics, by the water quality and by the instrument itself. The calibration of an ADV system 
must be performed with the waters and soil materials of the natural system, and the resulting 
calibration is specific to the instrument itself. Figure 7 shows some calibration results obtained with 




















Bank soil sample 2
Eprapah water, Bed sample 1
Eprapah water, Bank sample 2
Brisbane tap water, Bed sample 1
Correlation, Eprapah water, bed sample 1
Correlation, Eprapah water, Bank sample 2
Correlation, Brisbane tap water, bed sample 1
 
(A) Relationship between suspended sediment concentration (SSC in g/l) and backscatter intensity 
(BSI, Eq. (4)) - Equation (1) is shown in thick dashed red line - Bed sample 1: bed mud, Bank 



















Eprapah water, Bed sample 1
Eprapah water, Bank sample 2
Brisbane tap water, Bed sample 1
Correlation, Eprapah water, Bed sample 1
Correlation, Eprapah water, Bank sample 2
Correlation, Brisbane tap water, Bed sample 1
 
(B) Relationship between suspended sediment concentration (SSC in g/l) and turbidity (Turb in 
NTU) - Equation (2) is shown in thick dashed red line 
Fig. 7 - Relationships between ADV acoustic backscatter intensity BSI, suspended sediment 
concentration SSC and turbidity Turb with cohesive sediment materials - Data: Chanson et al. 
(2008a), microADV (16 MHz) with 2D side-looking head, sampling rate: 50 Hz - Legend: Red = 




 ( )BSI1109.0e19426.0SSC ×−−×=  (1) 
 0350.0Turb00485.0SSC −×=  (2) 
 ( )BSI1593.0e11.171Turb ×−−×=  (3) 
where SSC is in g/l, Turb is in NTU and the backscatter intensity BSI is defined as: 
 Ampl043.05 1010BSI ×− ×=  (4) 
with Ampl the average signal amplitude data measured in counts by the ADV system. The 
coefficient 10-5 was a value introduced to avoid large values of BSI. 
 
4.2 Application 
Using such a calibration, an ADV can record simultaneously the turbulent velocities and SSC in the 
same control volume at high-frequency. Field observations in Australia (Eprapah Creek) showed 
large SSC fluctuations throughout the entire field studies, including during the tidal slacks 
(Chanson et al. 2008a, Trevethan et al. 2007a,b,2008). In the middle and upper estuarine zones, the 
ratio SSC'/ SSC  was respectively 0.66 and 0.57 on average, where SSC  is the time-averaged 
suspended sediment concentration and SSC' is its standard deviation. 
The instantaneous advective suspended sediment flux per unit area qs may calculated as: 
 qs = SSC × Vx (5) 
where qs and Vx are positive in the downstream direction. qs is a measure of the suspended sediment 
flux in the ADV sampling volume. Typical instantaneous suspended sediment flux per unit area 
results are presented in Figure 8 for a sampling volume located at 0.2 m above the bed. In such a 
small subtropical estuary, the sediment flux per unit area data showed typically an upstream, 
negative suspended sediment flux during the flood tide and a downstream, positive suspended 
sediment flux during the ebb tide. The data exhibited however considerable time-fluctuations that 
derived from a combination of velocity and suspended sediment concentration fluctuations. 
The integral time scale of the suspended sediment concentration data represents a characteristic 
time of turbid suspensions in the creek. Calculations were performed for two field studies in 
Australia. The SSC integral time scales seemed relatively independent of the tidal phase and 
yielded median SSC integral time scales TESSC of about 0.06 s. A comparison between the turbulent 
and SSC integral time scales showed some differences. The ratio of SSC to turbulence integral time 
scales was about 2 to 5 times lower during ebb tide periods, suggesting that the sediment 
suspension and suspended sediment fluxes were dominated by the turbulent processes during the 
flood tide, but not during the ebb tide. 
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Fig. 8 - Time variations of the instantaneous suspended sediment flux per unit surface area 
(SSC×Vx) at 0.2 m above bed and measured water depth above the bed during a field study - Data: 
Chanson et al. (2008a), microADV (16 MHz) with 2D side-looking head, sampling rate: 25 Hz 
 
5. CONCLUSION 
Laboratory and field experiences with acoustic Doppler velocimetry demonstrated that the ADV 
system is a robust instrumentation suited to steady and unsteady turbulence measurements in open 
channel flows. The ADV signal strength may provide further information on the instantaneous 
suspended sediment concentration (SSC). But the ADV outputs are not true turbulent velocity data, 
while the calibration of the ADV for SSC measurements is essential. Laboratory and field 
experiences with turbulence measurements in open channels were discussed herein. Measurements 
were typically conducted continuously at relatively high frequency throughout relatively long 
periods. Further 
Past experiences showed unequivocally that turbulence properties should not be derived from 
unprocessed ADV signals and that even "classical" despiking methods were not directly applicable 
to many field and laboratory applications. A successful data analysis relies often upon solid 
practical experiences with the instrumentation, its capabilities and its limitations. 
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Abstract: Combined sewer systems were originally devised to convey sewage and stormwater to 
wastewater treatment plants for safe disposal. However, the role of sediments in these systems was 
often ignored. Sediments are normally found in many combined sewer systems, given that they are 
present in foul sewage and in the run-off from catchment surfaces. The traditional design of these 
systems and fact that they experience time varying flows and unsteady sediment inputs at many 
locations has resulted in the formation of persistent sediment deposits in many systems. These 
deposits can have a significant impact on sewer system performance in terms of reduced hydraulic 
capacity and so enhancing flood risk and significant pollutant release when deposits are mobilised. 
This paper describes current knowledge of the diversity of sewer sediments, how erosion and 
transport of these sediments can be estimated and describes ideas for the enhancement of current 
sediment erosion and transport modelling techniques. 
 
Mots-clé: dépots sédimentaires, assainissement. 
Keywords: sediment deposits, sewers, modelling. 
 
1. SEWER SEDIMENTS - THEIR OBSERVED DIVERSITY 
Combined sewers carry both dry weather and storm flows and so experience a wide range of time 
varying flows. The flows in combined sewers contain foul sewage and the run-off from urban and 
rural catchment surfaces and so often these flows contain sediments from a wide variety of sources. 
In combined sewers a large number for field studies, starting with the work of Crabtree (1989), 
have identified a number of sediment types and developed categorisations either with regard to the 
physical and chemical characteristics of the sediments, the location in the sewer system in which 
the sediments have been found, or the hydraulic conditions which were prevalent when the 
sediment samples were recovered. Crabtree (1989) proposed five sediment classes (A to E), Classes 
A and C were the most prevalent, with A being coarser granular material, with a minimal organic 
content and Class C sediment being much finer in nature with generally a higher organic content.  
Although the sediment samples were allocated different classes, a key feature to note was that there 
was significant variation even within a single class (Fig. 1). 
Ashley et al. (2004) provide a more recent and more comprehensive list of the most significant field 
based studies that have attempted to better characterise sewer sediments. In spite of the numerous 
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field studies no generalised method has been developed to characterise sediments in any combined 
sewer system. It is clear that sediments in sewers have a wide range of particle sizes, with recovered 
samples having average particle sizes from tens of microns to several centimetres. The particles can 
also be inorganic or organic in nature, and their chemical and biological character can also show 











































Figure 1 - Particle size variation within Crabtree's (1989) sewer sediment classes A and C 
 
2. IMPACT OF SEWER SEDIMENTS 
Given the time varying flows in combined systems, combined with their geometry and the types of 
sediment present on many contributing catchment surfaces, many combined sewers experience 
repeated periods of deposition, erosion and transport of sediments.  The issues associated with in-
sewer deposition are well recognised. In-sewer deposits cause a loss in flow area which can reduce 
flow capacity slightly, however the additional hydraulic roughness caused by in-pipe deposits can 
reduce flow capacity significantly for example by up to 20%, so that during intense rainfall events 
this reduced flow capacity can lead to higher frequency of discharges, via combined sewer 
overflows (CSO) (Ackers et al. 1996). This has lead to the development in the UK of engineering 
guidelines to limit the development of in-sewer sedimentation by considering both the flow and 
long-term sediment transporting capacities of new sewers (Ackers et al. 1996). 
However these guidelines do not address the problems encountered in existing sewers caused by in-
sewer sedimentation.  During storm events, it has been observed that the rapid erosion of existing 
in-sewer deposits can release large amounts of sediment attached pollutants into the flow (Ahyerre 
et al. 2002). As a consequence, if an overflow occurs then the discharges can contain large amounts 
of fine grained, suspended sediments and that these sediment laden flows can have a significant 
oxygen demand on the receiving water courses as the pollutants associated with sediments are 
thought to be the cause of a significant part of the oxygen demand (Jubb et al. 1998). Given these 
actions there is a need to consider both the short-term (acute) and long-term (accumulative) impact 
of these intermittent discharges and their sediments on the receiving water bodies. In the UK, 
guidance is provided to sewer operators via the Urban Pollution Management Manual (UPM 1998). 
This provides probability based thresholds to limit environmental impact from intermittent CSO 




2.1 The First Foul Flush 
It is generally accepted that a high proportion of pollutants found in combined sewers are associated 
with sediment deposits and when these deposits are eroded suddenly during storm flows, very high 
pollutant concentrations can be observed. This phenomenon has been termed the “first foul flush”. 
Thornton and Saul (1986) were the first to define this phenomenon as the initial period during the 
storm in which the observed concentration of suspended sediment was significantly higher than 
during the later part of the storm. Geiger (1987) examined entire storm events and defined a “first 
foul flush” as occurring when the gradient of the cumulative pollutant load plot was larger than the 
average sediment load as determined over the entire rainfall event. Gupta and Saul (1996) also used 
a similar definition when identifying first foul flushes in several UK catchments. However first foul 
flushes were not observed in all catchments, Stotz and Krauth (1984) and Geiger (1987) both 
observed that the shape of the first foul flush on cumulative plots was increasingly difficult to 
identify in larger catchments. Bertrand-Krajewski et al. (1993) also observed that first foul flushes 
were less evident in larger catchments. 
In the earlier work of Thornton and Saul (1986) different temporal suspended sediment patterns 
were observed for reasonably similar storms. This suggested that the suspended sediment response 
of a sewer system was not uniquely controlled by the system hydraulics. It was hypothesised that 
the difference in response may be due to the presence of in-sewer deposits. This hypothesis was 
supported by field observations such as those by Ashley et al. (1992) who reported that the amount 
of sediment eroded from a discrete length of sewer during a single storm event correlated with the 
change in the volume of the in-sewer deposit.  
Sewer flow network models such as Wallingford Software's Infowork and DHI's Mike Urban were 
originally developed to estimate the hydraulic capacity of sewer networks. However, as clients and 
regulatory authorities required flow quality as well as quantity to be assessed, these models were 
modified by adding modules that attempted to predict the sewer flow quality. For the flow quality 
parameters associated with sediments, simple empirical equations were used to estimate the 
threshold of entrainment and transport capacity. However, the reliance of this work on relationships 
originally developed for fluvial sediments fails to recognise the fundamental aspects unique to a 
sewer system. It failed to address the diversity of sewer sediments and the fact that combined sewer 
systems are very dynamic with repeated cycles of deposition, erosion and transport and the non-
conservative nature of many in-sewer solids as they are transformed by chemical and 
microbiological processes. It is therefore not surprising that the predictions made using such 
relationships are poor, (Jack et al. 1996), and that currently most knowledgeable engineers have 
little confidence in their utilisation. Some attempts have been made to address this by re-calibrating 
“fluvial” relationships or by trying to quantify the uncertainty and sensitivity of the existing models. 
Robust prediction of in-sewer sediment behaviour is still not possible other than in very specific 




3. EXPERIMENTAL STUDIES 
The earlier field studies have indicated that in-sewer deposits may contain sufficient proportions of 
fine-grained material to exhibit “cohesive-like” properties, e.g. Crabtree (1989). Skipworth (1996) 
and Rushforth (2000) carried out a series of laboratory experiments which examined the erosion 
and transport of in-pipe deposits using fine-grained organic sediment and mixtures of fine grained 
organic sediment and granular inorganic sediment under time varying flow conditions. The data 
from these studies was used to develop an erosion model which conceptualised the in-pipe deposit 
as having a threshold of erosion that varied with depth. This concept had been developed in earlier 
estuarine studies, which had examined the erosion and transport of estuarine muds and had assumed 
that the depth variation in deposit strength was due to the self-weight consolidation that such 
deposits undergo in quiescent flow conditions (Parchure and Mehta 1985). In-pipe deposits 
generally have smaller thickness than estuarine deposits and are contained in a water-proof 
container (pipe), so a degree of consolidation does seem reasonable. 
 















Test conditions:- s=1/1000, steady flowrate=8.87l/s, 
rising limb duration=6mins
 
Figure 2 - Comparison between predicted and observed suspended sediment concentrations in 
laboratory tests using single sized sediment deposits and time varying flows, from Skipworth et al. 
(1999) 
 
Skipworth et al. (1999) proposed the use of a four parameter deposit model to simulate the erosion 
of fine grained material from in-pipe deposits. This model was applied to uniformly sized and 
mixed size (organic/inorganic) deposits and as shown in Figure 2 a reasonable correspondence 
between observations and predictions could be achieved if the values of the four calibration 
coefficients could be optimised (Rushforth et al. 2003). This type of model was also applied to field 
data again with reasonable performance (Tait et al. 2003). This model demonstrated reasonable 
performance and was significantly better than the sediment transport and entrainment relationships 
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originally developed from fluvial studies. However, it still required significant amounts of data to 
calibrate the four parameters in the deposit model. The experiments that were used to develop this 
modeling approach ignored all biological based processes as the sediments used were surrogate 
artificial sediments and so any extrapolation of this model to a system with active biological 
processes may be open to question.  
The adjustment of erosion thresholds by the biological transformation of organic material has been 
observed in the natural environment. Sutherland et al. (1998) reported that the shear stress at the 
threshold of erosion increased as levels of colloidal carbohydrate increased in estuarine mud 
samples. This suggested that biological activity could have an impact on a physical threshold in 
sediment deposits. Vollertsen and Hvitved-Jacobsen (2000) reported on tests in a small laboratory 
flume, in which the transport behaviour from remoulded sewer sediment deposits left in the flume 
for 1 to 4 days was examined. They noted that the mass of sediment removed from the deposits 
increased with time and that the changes in the dissolved oxygen in the system suggested 
significant biological activity within the flume.  These observations have suggested that 
observations made by researchers made using surrogate artificial sediments may not truly reflect the 
environment found in combined sewers. It may be that only data collected in a real sewer, such as 
in the study by Ahyerre et al. (2001), could be used to examine the physical and biological 
processes that may be associated with the erosion and transport of sewer sediments. 
 
   
(A) Environmentally controlled annular flume at WL Delft Hydraulics used in erosion tests with 
sewer sediments 
(B) Plan view of remoulded sewer sediments in base of annular flume 
Fig. 3 - Annular flume testing of real sewer sediments 
 
Tait et al. (2003) describe a series of tests in which real sewer sediments, collected from one sewer 
network in the UK and some from another network in the Netherlands, were placed in an annular 
flume in which the temperature and dissolved oxygen content in the flume could be controlled (Fig. 
3A and 3B). The tests had two phases: the first in which the sediment was placed in the bed of the 
flume and a constant temperature and dissolved oxygen level, of 70% saturation level, was 
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maintained for several days, in the second phase higher and higher levels of bed shear stress were 
applied to the resulting deposit and the amount and character (organic content and particle size) of 

























































































(B) Temperature of 4 Celsius 
Figure 4 - Total and volatile suspended sediment solids concentration against shear stress, for 
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Figure 5 - Average suspended sediment concentration from discrete samples against flume top plate 
speed, for different deposit durations, at 14 Celsius and 70% of saturated dissolved oxygen level - 
Data: Tait et al. (2003) 
 
Figure 4 clearly shows that temperature had a significant effect on the strength of the sewer 
sediment deposit. It can be seen that in the tests in which the biological activity was reduced at 4°C, 
lower suspended sediment concentrations are observed as less sediment is eroded as the sediment 
deposit is much stronger. The duration of the deposition phase also had an effect on the strength of 
the deposit. In tests in which the dissolved oxygen level was maintained at a high level and the 
temperature at 14 Celsius, so that a reasonably high and stable level of biological activity could be 
maintained, it was seen that the deposits that were in this environment for over 18 hours released 
more sediment and so were weaker (Fig. 5). It is clear that aerobic bacteria are able to weaken 
consolidating deposits composed of fine sewer sediments. This contradicts observations in the 
natural environment in which bacteria activity are believed to strengthen deposits by the production 
of extra-polymeric substances (EPS), Black et al. (2002). 
This data combined with the observations of Vollertsen and Hvitved-Jacobsen (2000) and later 
more detailed tests, using sediment from a Belgian sewer network reported by Banasiak et al. 
(2005) all indicate that sewer deposits in aerobic conditions tend to weaken. These studies all 
indicated that biological processes could have a significant impact on sediment erosion and 
transport in sewers. These studies reported on a small number of experiments so systematic trends 
could not be definitely defined. Later studies reported in Schellart et al. (2005) and Schellart (2007) 
used smaller laboratory apparatus, first designed by Leim et al. (1997), so that a larger number of 
erosion tests could be carried out on smaller sewer sediment samples. The concept was similar: two 
phases, first a depositional phase in which the environmental conditions were carefully controlled, 
followed by a phase in which the boundary shear stress was slowly increased in a stepwise fashion 
and the resulting total and volatile suspended solids concentrations measured. The reduced size of 
the apparatus meant that variables such as deposit duration, temperature and aerobic and anaerobic 
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environments could be examined systematically. Environmental conditions were changed so that 
both aerobic and anaerobic environments were created, and the rate of any biological process were 
controlled as the temperature could also be consistently controlled. The data from these tests 
indicated that both aerobic and anaerobic bacteria-dominated activity always weakened deposits, 
although the aerobic bacterial activity produced the weaker deposits. It could be argued that the 
physical fluid environment, for example the fluid viscosity and thus the near bed turbulence would 
differ as the temperature was changed, but the use of aerobic and anaerobic environments and their 
different responses demonstrates that bacterial activity has a significant impact on deposit strength.  
This suggested that biological processes were significant. In terms of the interaction between self 
weight consolidation and bacterial activity, there was no clear pattern, though the impact of 
bacterial activity on the strength of a deposit was more significant. When comparing sediment 
deposits composed of different particle size distributions it appeared that the influence of the 
bacterial activity was higher. Banasiak et al. (2005) also report different behaviour dependent on 
the availability of dissolved oxygen. They reported that the sediment associated bacterial processes 
could evolve in different ways: when the dissolved oxygen was available – close to the deposit 
surface, the production of extrapolymeric substances was small, but that there was intense 
production of CO2 in the form of bubbles which was believed to physically disrupt the deposit and 
so make the sediment on the surface of sewer deposits much more available for transport. The 
production of gas bubbles on the surface of a deposit was also observed by Vollertsen and Hvitved-
Jacobsen (2000). Banasiak et al. (2005) noted that in tests which the dissolved oxygen levels had 
fallen significantly anaerobic processes dominated, both on the surface and within the deposit. The 
result of anaerobic metabolism within the deposit is the accumulation of gas by-products such as 
methane (CH4), hydrogen sulphide (H2S) and ammonia (NH4) within the deposit. Again gas bubbles 
start to form, although at a slower rate. The presence of the bubbles is again believed to disrupt the 
physical structure of the consolidating deposit. It causes enhanced mobility of the sediment within 
the deposit by reducing intra-granular friction. The different groups of processes can explain why 
sewer sediment deposits appear weaker than non-biologically active consolidating sediment 
deposits and why they are particularly weak on their surface interface with the flowing water. 
 
4. IMPLICATIONS  FOR MODELLING 
Microbial transformations in sewers occur under both aerobic and anaerobic conditions. Organic 
carbon and nutrients are biodegraded predominantly by bacteria. Aerobic microbial processes are 
associated with the carbon and oxygen uptake linked to the growth and maintenance of 
heterotrophic micro-organisms as well as the hydrolysis of particulate organic substrate, (Hvitved-
Jacobsen and Vollertsen 1998).  Anaerobic processes include the production of volatile fatty acids 
(VFA), methane production by methanogens and hydrogen sulphide generation through the 
reduction of sulphates by sulphur reducing bacteria. The biological generation of extracellular 
polymeric substances (EPS), which are a mixture of polysaccharides, proteins, lipids and nucleic 
acids, has also been linked with enhanced biological particle adhesion in sewer biofilms (Jahn and 
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Neilsen 1995, Rocher et al. 2003). 
The diverse mix that comprises typical sewer sediments therefore experiences a combination of 
dynamic physical processes (large strain consolidations, flocculation, settling), chemical processes 
(processes independent of bacteria e.g. sulphur oxidation) and biological processes (e.g. oxidation, 
methane, hydrogen and sulphide production, extracellular polymer production) all of which may 
influence the microbiological character of the eroded material and potential impact of released 
material into the environment.   
Previous work has examined the physical nature of sediments in sewer deposits and have developed 
empirically calibrated transport and erosion relationships either based on a particular type of 
sediment (size and density) in the field or used surrogate sediments in the laboratory to mimic 
sewer sediment behaviour in the field (e.g. Arthur 1996, DeSutter et al. 2003, Macke 1982, May 
1993, Ota and Nalluri 2003). However, the environment inside a sewer is very complex and 
experiences time varying hydraulics, variable sediment input sources and behaviour, resulting in 
highly heterogeneous in-sewer deposits with very high levels of microbiological activity and 
biochemical reactions; this complexity has not been accounted for. The results above have 
demonstrated the important role of microbiologically driven processes in determining the amount of 
sediment eroded from sewer sediment deposits subject to high levels of boundary shear stress. New 
models are required that will be able to better predict the potential for released in-sewer sediments 
by accounting for the important physical, chemical and biological processes.  
Two groups of processes require to be considered: physical and biological. They should be 
considered separately as the timescales for these two processes may be different and will depend on 
the environmental conditions within a particular sewer. Previous studies have indicated that the gas 
by-products of the biological processes reduce sediment stability mainly by reducing intra-particle 
contact, but can if the environmental conditions permit can enhance sediment stability by the 
production of extrapolymeric substances which can improve contact between individual particles. 
 
5. CONCLUSIONS 
This paper has examined the historical development of knowledge and prediction methods with 
regard to the simulation of the erosion and transport of sediments from in-sewer deposits. Initially 
knowledge was limited to the physical and chemical characteristics of deposits. Further studies 
examined the impact of the release of sewer sediments on natural water bodies, and the concept of 
the first foul flush was developed. This first identified to researchers that the use of sediment 
erosion and transport relationships may not be appropriate in combined sewers in which time 
varying flows and highly heterogeneous sediment deposits are common.  
This appreciation led to a series of laboratory and field based studies in which the erosion and 
transport of mixed deposits under unsteady flows was examined. These studies provided data that 
allowed the development of models of consolidating fine grained deposits that could be used to 
estimate the erosion and transport of fine grained sediments under time varying flows. Although 
these models indicated an improved performance over the use of fluvial based relationships they did 
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require significant amounts of data to be adequately calibrated. A second criticism of these studies 
was that they did not account for all the sediment related processes present within combined sewers.  
This criticism was addressed by more recent experimental studies in which real sewer sediments 
were using in the controlled laboratory environment. These studies indicated that biological 
processes could have a more significant impact on sediment erosion and transport than physical 
processes. The paper included some proposals to improve modelling capabilities to include the 
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Abstract: Settling processes of particles in stormwater detention basins are still not well understood 
nor well modelled. Knowledge of the shear stresses field near the bed of the basin can help to 
improve the modelling of those processes. The computational fluid dynamics (CFD) FluentTM 
software was used in order to estimate the spatial distribution of sediment on the bottom of the 
basin. Three dimensional simulations with Reynolds stress model (RSM) turbulence model 
highlight good correlations between skin friction coefficient, Reynolds stresses according to the x- 
direction, and the real observed sedimentation zones. 
 
Keywords: CFD modelling, detention and settling basin, skin friction coefficient, stormwater. 
 
1. INTRODUCTION 
Stormwater detention basins were initially built to reduce flood risks. However, high pollutant 
removal rates due to the settling of particles were observed by many authors (e.g. Marsalek et al. 
1992, Ta 1999, Strecker et al. 2004) in numerous facilities, with the result that detention basins are 
more and more used as detention and storage facilities. Adamsson et al. (2003) and other authors in 
the last fifteen years carried out research programs on laboratory small scale physical models to 
understand and model settling processes. Nevertheless, serious difficulties remain to transpose the 
results from these laboratory studies to real basins because of complex geometry, unsteady 
hydrodynamics, variable fluxes and particles characteristics, etc. 
Consequently, in order to contribute to improve the design and the management of large stormwater 
detention and settling basins, experimental and modelling investigations have been carried out in 
the large Django Reinhardt stormwater detention and settling basin in Chassieu (Lyon, France), as a 
research action of the OTHU program (Field Observatory in Urban Hydrology {www.othu.org}). 
The volume and the base area of the Django Reinhardt basin are respectively 32200 m3 and 11302 
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m2. 
Torres (2008) investigated the experimental and two-dimensional computer modelling of the 
hydrodynamics and solid transport in the Django Reinhardt basin. Computational fluid dynamic 
(CFD) modelling has already been successfully used under various hydraulic conditions: combined 
sewer overflow chambers (e.g. Lipeme Kouyi et al. 2003, Lipeme Kouyi 2004), detention and 
sedimentation tanks (Stovin 1996, Kowalski et al. 1999, Adamsson et al. 2003, Jayanti and 
Narayanan 2004), and hydrodynamic separator (Alkhaddar et al. 2001). 
The paper assesses the ability of three-dimensional modelling with the FluentTM CFD software to 
identify zones of sedimentation by means of Reynolds and shear stress modelling. 
 
2. METHODS 
2.1 Experimental site and materials 
The Django Reinhardt detention-infiltration facility was built in 1975 in Chassieu (France) in order 
to collect stormwater from a 185 ha industrial catchment. It was rehabilitated (to remove surface 
clogging) in 1985, in 2002 and then further retrofitted in 2004. The facility is composed of two sub-
basins connected with a 60 cm diameter pipe. The first one is a detention and settling basin (Fig. 1) 
where the stormwater is stored before being released downstream to the infiltration sub-basin. 
During dry weather, the settling basin drains a small amount of water from the surrounding 
industries, which are authorized to discharge only theoretically unpolluted cooling waters. The 
bottom of the settling basin is sealed with bitumen and is equipped with a low-flow trapezoidal 
channel (depth = 20 cm, width = 2 m) collecting and guiding the dry weather flow towards three 
outlets. The sides of the settling basin are covered with a plastic liner. 
 
 
Qs:outlet flow rate (towards 
infiltration basin) 
Qe: inlet flow rate 
o1: orifice no.1 
o2: orifice no.2 
o3: orifice no.3 
h1 : water depth sensor no.1 
h2 : water depth sensor no.2 
 : low-flow sedimentation pit 
Figure 1 - Scheme of the Django Reinhardt detention and settling basin after its retrofit in 2004 
(Bardin and Barraud 2004) 
 
Stormwater enters the settling basin via two 1.6 m circular pipes (labelled as inlet 1 and inlet 2 in 
Fig. 1). In order to improve the settling process, a 1 m high detention wall was built in 2004. There 
Qe Qs 
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are three 19 cm diameter outlet orifices (labelled o1, o2 and o3 in Fig. 1) through the detention 
wall. When the water level is higher than the detention wall, an overflow weir is used as an 
additional outlet. The stormwater outflow towards the infiltration sub-basin is limited to 350 l/s by a 
regulator (Hydroslide® gate). 
Turbidity is measured by an infra-red 880 nm nephelometric sensor Endress+Hauser CUS 1, 
according to the NF EN 27027 (1994) standard. Its use as a surrogate to estimate TSS equivalent 
concentrations is described in Bertrand-Krajewski (2004). The inlet and outlet discharges are 
calculated from simultaneous measurements of water depth and velocity in the pipes. Two water 
depth sensors are located on the bottom of the basin (labelled h1 and h2 in Fig. 1). All variables are 
recorded with a 2 minute time step with a S50 Sofrel data logger. 
Twelve sediment traps were installed on the bottom of the basin to collect settled sediments during 
storm events (Fig. 2, left). Each trap was composed of three assembled plastic boxes with an 
internal honeycomb structure to prevent the scouring of trapped sediments (Fig. 2, right). Using 
hydrodynamic modelling, the location of the 12 traps was chosen according to recirculation zones, 
flow velocities and to the previously observed sedimentation zones where sediments accumulate in 
the basin. The traps were numbered according to their altitude, from 1 (lowest) to 12 (highest). 
After a storm event, samples made up of a mixture of water and sediment were transported as 
quickly as possible to the laboratory, where settling velocity and particle-size distributions were 
measured according to the VICAS protocol (Gromaire and Chebbo 2003) and Laser Particle Sizer 
(LPS) technique, respectively. 
 
inletoutlet  
Figure 2 - Sediment traps location and sampling devices (top view) 
 
2.2 Modelling of the distribution of the particles on the bed 
Three-dimensional steady state simulations were carried out in order to identify the preferential 
zones of sedimentation by means of Reynolds and shear stress values. The aim of this study is to 
test a complete hydrodynamic model based on the calculation of Reynolds stress, taking into 
account all the characteristics of the turbulence. Second order schemes for all terms of the main 
equations (Volume Of Fluid model for the flow computation of free surface and RSM model for 
turbulence) are used to simulate the hydrodynamic behaviour of Django-Reinhardt basin. Settling 
areas are supposedly correlated to low bed shear and Reynolds stresses, as demonstrated by 




of the low values of the skin friction coefficient, which is defined as the ratio between shear strain 
and dynamic pressure. 
 
 2.2.1 Equations of motion and formulation of the problem  
Partial derivative equations describing the flow (Reynolds equations) are written in a conservative 
form, to establish relations between the pressure, velocities and Reynolds stress (Versteeg and 
Malalasekera 1995). The form of partial derivative equations for biphasic application is as follows: 






















where n is the number of phases, Ui the mean velocity components and qα   is the volume fraction 
of phase q. In each cell, the overall volume mass ρ and viscosity μ  are computed using the volume 















































∂ ρμρρρ 2  (3) 
where P is the pressure term and g is the gravitational acceleration. Equation (3) represents the 
Reynolds averaged Navier-Stokes (RANS) equations system (for i and j equal to 1, 2 and 3). The 
terms jiuu ′′  called Reynolds tensors can be estimated by means of closing equations such as RSM 
turbulence model. 
The Rubar20 CFD code (CEMAGREF 2008) is used for 2D simulations. It solves the nonlinear 
hyperbolic two-dimensional Barré de Saint-Venant equations by accounting for strong and rapid 






































































































with h the water depth, z the bottom position, qx the flow according to the Ox axis equal to the 
velocity multiplied by the depth, g the gravity acceleration, K a viscosity coefficient (or diffusion), 
C the Chézy friction coefficient at the bottom, W the wind speed, Fx the constraints due to the wind, 
Px the wall friction components, PL the local contribution of the storm. A third equation similar to 
Equation (4) but for the Oy axis completes the set of equations. Hydraulic devices like outfalls, 
orifices, etc. are introduced as boundary conditions. The finite volume method is applied to 
quadrilaterals and triangles mesh grid. 
A convection-diffusion equation for solid concentration is added to the hydraulic equations 
(CEMAGREF 2008). The aim of this phase is to reproduce the observed settling efficiency as well 
as the preferential sedimentation zones. 




























ν  (6) 
 ( )esb CCVD −−= α  ; 
crs
e CC τ
τ=  ; ( )ρρτ −= pcrs gDKDS 50  
with C the solid concentration, h the water depth, U and V  the mean velocities according to Ox and 
Oy, tν  the eddy viscosity, sσ  the Schmidt number, Db the sedimentation or erosion rate (negative if 
erosion), Ce the balance concentration, τ the bed shear stress, α  the calibration coefficient τcrs the 
critical shear stress, D50 the median particle diameter, KDS the dimensionless critical shear stress, ρ 
the water density and ρp the density of particles. The solving method of the equations is the same as 
for hydrodynamics, being done in a coupled way (Bessenasse et al. 2004). 
 
2.2.2 Boundary conditions 
Several kinds of boundary conditions are proposed in the FluentTM code, such as symmetry, 
pressure inlet and outlet, imposed velocity etc. Three of those conditions are used for our study: 
velocity-inlet, pressure-outlet and roughness for the assessment of the wall functions. 
The first boundary condition - velocity-inlet - is an imposed value of the velocity. The flow is thus 
injected through a wet section to obtain the expected inlet flow rate. In this case, the length of the 
inlet pipe must be sufficient to enable the velocity profile to be developed. The length required is 5 
to 10 times the water depth at the inlet boundary. The second condition - pressure-outlet - is applied 
at the outlets or for the free surface modelling by setting the atmospheric pressure value. The 
roughness condition is used to account for the boundary layer near the wall.  
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The value of the water volume fraction is imposed equal to 1 in the water domain and 0 in the air 
domain. The calculation of the turbulent intensity I and the hydraulic diameter Dh enables us to 
obtain the inlet boundary values for turbulence. The turbulent intensity is obtained empirically with 
Equation (7) (FLUENT 2001): 




UDR =   the Reynolds number 
For two-dimensional modelling, the hydraulic relationship between the water level and the outlet 
flow rate is imposed at the outlet point. Observed hydrograph and concentration curve versus time 
are fixed at the inlet point for respectively hydrodynamic and solid transport modelling. 
 
2.2.3 Computational mesh 
A mesh with 210×90×21 computational cells (Fig. 3) is built for the three-dimensional simulation 
of the hydrodynamics in the basin. Attention was focused on the grid along Ox, Oy and on the first 
centimetres along the vertical Oz axis in order to represent bed shear and Reynolds stress near the 
bottom of the basin. The sensitivity study on the mesh size has not been done yet. 
 
 
Figure 3 - Computational hexahedral mesh of the basin for 3D simulations 
 
3. RESULTS AND DISCUSSION 
3.1 3D simulations of hydrodynamics 
Because of long computation time induced by the limited capacity of the computer and the high 
number of computational cells, only four inlet flow rates have been simulated, assuming they 
represent some real states during real storm events. Table 1 shows the comparison between 
observed and simulated values of water depth h1. The criterion used to compare observations and 
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with Yi-obs the measured water depth h1, Yi-sim the simulated water depth h1 ; N the number of 
measured values during the storm event. 
The mean difference EM has the same order of magnitude as the mesh size along the Oz axis. 
Several simplifications of the real geometry, the steady state assumption and some constrained 
boundary conditions (the mean level of a weir was chosen at the outlet to represent the evolution of 
h2 as a function of Qs) may explain the differences between observation and modelling. 
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Figure 4 - Estimation of sediment distribution at the bottom: a) contour of skin friction coefficient; 
b) contour of Ox Reynolds stress; c) Results deriving from two-dimensional CFD Rubar20 software 
with Shields consideration for the settling processes (Torres 2008); d) real observed sedimentation 
zones 
 
3.2 Estimation of sedimentation distribution at the bottom 
All models reproduce satisfactorily the main zones of sedimentation. The Rubar20 CFD code 
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(CEMAGREF 2008) solves the nonlinear hyperbolic two-dimensional Barré de Saint-Venant 
equations, coupling to a convection-diffusion equation for solid transport with Shields 
consideration in order to represent settling processes. As shown in Figure 4, only the three-
dimensional model reproduces the zone of deposition in front of the orifice o1. The ranges of the 
values of thresholds which provide good reproduction of settling areas are 0 and 0.2 for the skin 




In order to improve the design and the management of large stormwater detention and settling 
basins, experimental and modelling investigations have been carried out in the Django Reinhardt 
stormwater detention and settling basin in Chassieu (Lyon, France). 
Three-dimensional modelling was carried out with the FluentTM 6.3.26 CFD software in order to 
identify preferential zones of sedimentation by means of Reynolds and shear stresses modelling. 
Three-dimensional simulations with RSM turbulence model demonstrate good correlations between 
skin friction coefficient, Reynolds stress according to x-direction and the real observed 
sedimentation zones. Consequently, CFD modelling may help to obtain the shear and Reynolds 
strains field near the bed of complex facilities in order to improve the modelling of the settling 
processes. 
Three-dimensional modelling of the strain field near the base of the basin needs further 
investigation regarding the influence of factors such as the size of the computational cells near the 
base, the inlet flow rates during a storm event, as well as the roughness coefficient of the bed. A 
sensitive study on the influence of the mesh size on the result should be done. 
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